Bone Quality: The Mechanical Effects of Microarchitecture and Matrix Properties by Day, J.S. (Judd)
Bone Quality:
The Mechanical Effects of Microarchitecture and 
Matrix Properties
Thesis - Judd Day
Department of Orthopaedics, Erasmus MC, Rotterdam, Netherlands
Bone Quality: The Mechanical Effects of Microarchitecture and Matrix Properties
Copyright © by Judd S. Day
ISBN 90-9019339-1
Printed by: Optima Grafi sche Communicatie
This work was funded by EU Grant QLRT-1999-02024, Danish Health Research Council grant 9601833_lpa, 
and NIH grants AR39239, 2 PO1 AG05793-12, AR46225and RR16631. Material used in this thesis was pro-
vided by the Gift of Hope Organ and Tissue Donor Network and the BIOMED I project. Computing time was 
provided by The National Computer Facilities of the Netherlands.
Bone Quality:
The Mechanical Effects of Microarchitecture
and Matrix Properties
Botkwaliteit:
De mechanische effecten van microarchitectuur
en matrixeigenschappen
Thesis
to obtain the degree of Doctor from the
Erasmus University Rotterdam
by command of the
rector magnifi cus
prof. dr. S.W.J. Lamberts
and according to the decision of the Doctorate Board.
The public defence shall be held on
Wednesday June 8, 2005 at 15.45 hrs
by
Judd Shamus Day
born at Chatham, Ontario, Canada
Doctoral Committee
Promoters:   prof. dr. ir. H. Weinans
     prof. dr. J.A.N. Verhaar
     prof. dr. D.R. Sumner
Other Members: prof. dr. H.A.P. Pols
     prof. dr. ir. A.M. Vossepoel
     dr. ir. B. van Rietbergen
Contents
Chapter 1
Introduction
The anatomy of bone .............................................................................................................11
Bone adaptation and remodeling .......................................................................................... 12
Trabecular bone mechanical properties and mechanical testing ........................................... 14
Bone mass, bone quality and the mechanical properties of trabecular bone ........................ 16
Structure of this thesis ........................................................................................................... 19
Chapter 2
A decreased subchondral trabecular bone tissue elastic modulus is associated 
with pre-arthritic cartilage damage
Abstract ................................................................................................................................. 23
Introduction ........................................................................................................................... 25
Methods................................................................................................................................. 25
Results ................................................................................................................................... 28
Discussion ............................................................................................................................. 30
Acknowledgements ............................................................................................................... 32
Chapter 3
Denatured collagen in osteoarthritic bone
Abstract ................................................................................................................................. 33
Introduction ........................................................................................................................... 35
Methods................................................................................................................................. 35
Results ................................................................................................................................... 37
Discussion ............................................................................................................................. 40
Acknowledgements ............................................................................................................... 41
Chapter 4
Adaptation of subchondral bone in osteoarthritis
Abstract ................................................................................................................................. 43
Introduction – The role of bone in osteoarthritis .................................................................. 45
Mechanical testing of arthritic bone: Scale effects ............................................................... 46
Bone mechanosensors, remodelling and adaptation ............................................................. 48
Simulation of bone adaptation in osteoarthritis .................................................................... 49
6Contents
More on bone matrix properties in osteoarthritis .................................................................. 51
Discussion ............................................................................................................................. 52
Chapter 5
Bisphosphonate treatment affects trabecular bone apparent modulus through 
micro-architecture rather than matrix properties
Abstract ................................................................................................................................. 55
Introduction ........................................................................................................................... 57
Methods................................................................................................................................. 58
Experimental design ........................................................................................................ 58
Specimen preparation: MicroCT and mechanical testing ............................................... 58
Finite element models ..................................................................................................... 59
Simulation of increased mineralization .......................................................................... 60
Histomorphometry and microdamage ............................................................................. 60
Statistical analysis ........................................................................................................... 60
Results ................................................................................................................................... 61
Discussion ............................................................................................................................. 64
Acknowledgements ............................................................................................................... 66
Chapter 6
The parallel plate model for trabecular bone exhibits volume fraction 
dependant bias
Abstract ................................................................................................................................. 69
Introduction ........................................................................................................................... 71
Methods................................................................................................................................. 72
Results ................................................................................................................................... 73
Discussion ............................................................................................................................. 75
Acknowledgements ............................................................................................................... 79
Appendix: Formulas for morphometric parameters .............................................................. 80
Chapter 7
Inter-individual and inter-site variation in human trabecular bone 
morphometry
Abstract ................................................................................................................................. 81
Introduction ........................................................................................................................... 83
Materials and Methods .......................................................................................................... 84
Donor populations ........................................................................................................... 84
Micro-CT analysis .......................................................................................................... 85
Statistical analysis ........................................................................................................... 85
Contents
7
Results ................................................................................................................................... 86
Discussion ............................................................................................................................. 94
Acknowledgements ............................................................................................................... 99
Chapter 8
The effect of donor and skeletal site on morphology-elasticity constitutive 
models for trabecular bone
Abstract ............................................................................................................................... 101
Introduction ......................................................................................................................... 103
Materials and Methods ........................................................................................................ 104
Donor populations ......................................................................................................... 104
Micro-CT analysis ........................................................................................................ 104
Finite element analysis .................................................................................................. 104
Morphology-elasticity relations .................................................................................... 105
Statistical analysis ......................................................................................................... 106
Results ................................................................................................................................. 107
Morphometric and mechanical data .............................................................................. 107
General model fi ts ..........................................................................................................111
Site effects ......................................................................................................................111
Donor effects ..................................................................................................................113
Discussion ............................................................................................................................113
Acknowledgements ............................................................................................................. 125
Chapter 9
Trabecular bone micro-architecture and orthotropic mechanical properties
Abstract ............................................................................................................................... 127
Introduction ......................................................................................................................... 129
Materials and Methods ........................................................................................................ 130
Donor populations ......................................................................................................... 130
Micro-CT analysis ........................................................................................................ 131
Finite element analysis .................................................................................................. 131
Principal components analysis ...................................................................................... 131
Morphology-elasticity relations .................................................................................... 131
Results ................................................................................................................................. 133
Principal components .................................................................................................... 133
Morphology-elasticity relations .................................................................................... 133
Discussion ........................................................................................................................... 139
Acknowledgements ............................................................................................................. 141
8Contents
Chapter 10
Final Discussion ................................................................................................................. 145
Morphometric parameters and bone micro-architecture ..................................................... 146
Structural anisotropy ........................................................................................................... 147
Structural connectivity ........................................................................................................ 149
Bone quality, micro-architecture and calcifi ed tissue properties; implications for 
clinical treatment ................................................................................................................. 150
Bone and the progression of oteoarthritis ........................................................................... 151
Concluding remarks ............................................................................................................ 153
Appendix A: Investigation of the effects of osteoarthritis on tissue properties in the 
GOH data set ....................................................................................................................... 154
Appendix B: A sub-study of donors with low bone density ............................................... 156
Appendix C: A sub-study of donors with ‘fi ne’ and ‘coarse’ structures ............................. 158
Appendix D: Investigation of the relation between matrix properties and architecture 
in the GOH data set ............................................................................................................. 160
Summary ............................................................................................................................ 161
Samenvatting ..................................................................................................................... 167
References .......................................................................................................................... 173
Acknowledgements ........................................................................................................... 185
Publications ....................................................................................................................... 189
Curriculum Vitae .............................................................................................................. 193
Chapter 1
Introduction

Introduction
11
The anatomy of bone
An average adult human is approximately 20% bone by mass. The 206 bones of the human 
adult act to support the structure of the body, protect internal organs, facilitate movement, 
provide for storage of essential minerals, aid in calcium homeostasis, and act as a source 
for cell formation. As an organ, bone contains both calcifi ed hard tissue and marrow. In the 
current body of work we shall focus on bone in its structural role as a hard tissue.
At the lowest level of organization, bone is a composite material composed mainly of fi brillar 
type I collagen stiffened by inorganic calcium phosphate crystals in the form of calcium 
hydroxyapatite with various substitutions. It is the mineralized phase of the material that pro-
vides its stiffness, especially in compression, while the collagen contributes to both toughness 
and tensile strength. Other constituents of bone include water, living cells and blood vessels 
and a number of noncollagenous proteins and polysaccharides.
In addition to the calcifi ed matrix, there are various types of living cells of which the bone 
lining cells, osteoblasts, osteocytes and osteoclasts are most important for the maintenance 
of bone tissue. Bone lining cells cover all surfaces of bones and are believed to regulate the 
movement of ions between the plasma and bone. Osteoblasts are the cells that produce bone. 
They accomplish this by fi rst laying down a collagenous matrix called osteoid. It is likely that 
mineralization of the osteoid matrix is facilitated by noncollagenous proteins (i.e. osteocalcin, 
bone sialoprotein) that are released by the osteoblasts. As new bone is created, a small number 
of osteoblasts are trapped within the newly formed matrix. These cells become osteocytes and 
are connected to each other and to the bone lining cells through a dense network of channels 
called canaliculi. It is believed that the osteocytes regulate the remodeling of bone, respond-
ing to the induction of microdamage or to mechanical signals. Osteoclasts are multinucleated 
cells from the monocyte/macrophage lineage that are responsible for the destruction (resorp-
tion) and replacement of old or damaged bone in a process called remodeling (1).
At the next level of organization we must distinguish between the multiple forms of bone in 
the human body. Cortical or compact bone makes up a large portion of skeletal mass provid-
ing the outer shell of most bones and the diaphysial ‘shaft’ of long bones. Cortical bone has a 
high volume fraction of mineralized material (90-95%) and a low surface area. Cancellous or 
trabecular bone forms approximately 20% of the mass of the skeleton, existing mainly at the 
epiphyses (ends) of long bones, within the spine, and within fl at bones such as the skull and 
pelvis. Because of its spongy structure it provides an effi cient lightweight structure to support 
the body’s articulating joints. It has a high surface area and a mineralized volume fraction 
that can range from below 5% to over 50%. The morphology of trabecular bone has been 
described by Singh (2) who classifi ed the continuum of different structures into categories. 
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Singh noted that the structure varied from a delicate meshwork of tiny struts, usually found 
deep within bones and away from loaded surfaces to preferentially aligned sheets of plates 
nearer to loaded surfaces. In the current body of work, our focus it on trabecular bone.
Bone adaptation and remodeling
Although bone may appear to resemble a material somewhat like stone it is anything but inert 
and is a living, active material constantly renewing itself and capable of sensing and reacting 
to changes in its environment.
Over 100 years ago, Wolff described the relation between bone micro-architecture and load-
ing (3). He noted that the overall orientation of trabecular bone was not random, but aligned 
to the directions of principal mechanical loading. He further speculated that loading was 
sensed by the bone, which then adapted accordingly. No doubt inspired by Darwin’s theories 
of evolution, Roux suggested that this process was self-organizing and regulated locally by 
competition of individual cells for a limited resource, specifi cally mechanical stimulus (4, 
5). These ideas were refi ned by various researchers such as Thompson, Powwels and Frost 
fi nally resulting in the concept of the mechanostat theory; that cells are regulated by local 
strain (6-8). Recent computer simulations support the idea that a self-organizing system will 
result in a structure similar to bone. Interestingly, these models tend to confl ict with the previ-
ously held view that bone as a material is optimized overall to produce maximal stiffness with 
minimal mass (9-11).
Adaptation of bone is accomplished through the processes described as modeling and remod-
eling. While modeling is the process whereby the shape of bone is altered to facilitate growth, 
remodeling is a process where old bone is constantly ‘turned over’ and replaced by new 
bone. Remodeling is orchestrated in a tightly controlled process by a group of cells known 
as a bone multicellular unit (BMU). In the fi rst stage, known as origination or activation, the 
bone lining cells change from their normal fl at shape to a cuboidal shape and then secrete a 
substance called RANK ligand. When RANK ligand interacts with its receptor RANK on 
the pre-osteoclast (a macrophage type cell) it forms an osteoclast and begin to resorb bone. 
At any particular spot on the bone the resorption process takes about 2 weeks. Following 
osteoclast resorption, in a process known as reversal, osteoblasts are recruited to the site. 
After 1-2 weeks these cells begin to secrete osteoid in a process known as formation. When 
this osteoid is approximately 6 µm thick it begins to rapidly mineralize. Mineralization is 
facilitated by factors secreted by the osteoblasts and quickly reaches a density of about 1.4 
g/cm3 within a few days (primary mineralization). Mineralization then progresses slowly to a 
density of 1.8-2.0 g/cm3 over the next six months, continuing to increase at an exponentially 
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decreasing rate for several more years (secondary mineralization) (12). Figure 1.1 illustrates 
the histological appearance of a bone modeling unit.
 In order for bone remodeling to preserve bone stock at a constant mass, it must proceed at 
equilibrium. In other words as much bone must be created during each formation period as 
was removed during resorption and new remodeling sites must be initiated at a steady state. 
Disrupting this balance can affect the bone in several ways. For example, humans reach a 
peak bone mass at 23-35 years, after which bone is slowly lost at a rate of about 0.3 to 0.5% 
per year due to a formation defi cit. This happens because the osteoblasts do not completely 
refi ll the holes made by the osteoclasts resulting in a gradual loss of bone with age. Another 
way that the bone balance can be disrupted is by a sudden increase in the number of active 
remodeling sites. At equilibrium, the ratio of active sites of formation and resorption are 
balanced such that bone is created at the same rate that it is resorbed. This is disrupted at the 
onset of menopause when a sudden change in circulating estrogen levels leads to an increase 
in the number of active resorption sites. Because resorption occurs as the fi rst phase in the 
bone remodeling cycle, there is a resulting period where there are temporarily more resorp-
tion pits and increased total resorption compared to formation. This results in a short period 
where there is an accelerated loss of bone stock. After this transient period, a new equilibrium 
is reached with an elevated remodeling rate.
Figure 1.1: Histologic appearance of a bone modeling unit (from the University of Washington 
Department of Medicine http://courses.washington.edu/bonephys/ ophome.html).
14
Chapter 1
The dynamics of the remodeling cycle affects not only the amount of bone in the body but also 
the density of the tissue itself. Because the process of remodeling occurs in discrete locations, 
regions of bone can contain packets of bone material with different levels of maturity and 
thus mineralization (Figure 1.2). When remodeling rates are high there tend to more packets 
of younger, less mineralized bone. When remodeling rates are low the converse is true and 
the overall density of the bone tissue increases. In the extreme case of osteopetrosis there is a 
failure of osteoclast function that results in hypermineralized bone that is very brittle.
Trabecular bone mechanical properties and mechanical testing
Trabecular bone, as a porous material, shares many characteristics of a class of materials 
called cellular solids. The single most important property of a cellular solid is its relative 
density. In the case of bone, this is a measure of how much mineralized material there is in 
Figure 1.2: Backscattered scanning electron micrograph of trabecular bone illustrating pack-
ets of bone of various degrees of maturity (from Banse X, Acta Orthop Scand Suppl. 2002 
73(303):1-57).
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a unit of volume. Although the material properties of the actual bone matrix seem to depend 
both on the method used for measurement and the scale at which the measurement is made, 
it seems that the Young’s modulus of bone matrix is between 5-20 GPa. The strength of this 
material is greater in compression than tension but the Young’s modulus is invariant with 
respect to loading direction (tension or compression). As predicted from cellular solid theory, 
mechanical Young’s modulus of trabecular bone can be predicted based on the density with 
a linear to cubic relation (13). The strength of trabecular bone is highly related to its Young’s 
modulus but its failure strain seems to be unrelated to either the density or strength.
Trabecular bone is a diffi cult material to test mechanically. Because of its porous nature, 
clamping is not easily achieved for tensile testing. As a result, most studies have used com-
pression testing of either cylindrical cores or block shaped specimens. This type of testing is 
not ideal, however, because frictional effects between the platens and the sample can have 
unpredictable effects upon the test results. Researchers have used lubricated polished platens, 
extensometers, or embedded samples in end-caps to try to reduce this effect (14-17). Another 
complicating factor when testing bone is its material anisotropy. As was mentioned in the sec-
tion on adaptation and remodeling, the structure of trabecular bone tends to be aligned with 
the direction of loading in the material. In areas where the loading is highly directional the 
resulting trabecular structure is also highly directional. This means that the apparent Young’s 
modulus can be very different depending on the testing direction (18, 19).
Recent advances in both three dimensional imaging and the ability to solve very large fi nite 
element models have led to the development of a powerful new tool for the investigation of 
the mechanical properties of bone. MicroCT scans of trabecular bone can now be converted 
directly into large-scale fi nite element (FE) models. By applying homogenization theory and 
an ingenious sequence of simulated mechanical tests, a complete three-dimensional descrip-
tion of the mechanical properties of a sample of bone can be derived. As it turns out, bone 
can be described as an orthotropic material (20-22). Loosely defi ned, this means that bone 
normally has three main directions and that these directions are perpendicular to each other. 
One disadvantage of the large-scale FE method is that it is necessary to assume that the mate-
rial properties of the bone tissue are homogenous and isotropic and that the material Young’s 
modulus must be specifi ed by the researcher. This means that the properties of the micro-
architecture are measured rather than the true properties of the bone specimen. However, this 
disadvantage can be turned into an advantage by combining FE modeling with mechanical 
testing. With this combination, the architectural stiffness can be fully characterized and the ef-
fective Young’s modulus of the calcifi ed tissue can be calculated as the scaling factor between 
the mechanical tests and fi nite element results (23-25).
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Bone mass, bone quality and the mechanical properties of 
trabecular bone
The single most important determinant of bone strength, and thus the risk of fracture, is the 
amount of bone present. In the cortex this is determined by the overall size of the bone and 
the thickness and porosity of the cortex. In trabecular bone this is determined by the porosity, 
or the amount of bone present per volume of tissue. Clinically bone density can be measured 
using relatively cheap and reliable radiographic methods such as DEXA. Because of both the 
strong relation between fracture risk and bone mass coupled with the ability to reliably mea-
sure bone mass, standard defi nitions of osteopenia and osteoporosis have been proposed to 
identify individuals who are at risk of fracture. Osteopenia and osteoporosis, as defi ned by the 
World Health Organization, are the presence of a bone mineral density (BMD) of respectively 
1.0 and 2.5 standard deviations below the population average for healthy young persons of 
the same gender. While fracture risk is increased by two to three times for each standard 
deviation below peak young adult mean bone mass, there is a large overlap in bone mass 
between patients who experience fractures and those who don’t (26, 27). This observation has 
led to the concept that fracture risk is not only a function of bone mass alone but also bone 
quality. Bone quality is, in essence, a term that encompasses all of the properties of the bone 
that contribute to the mechanical properties with the exception of bone mass. This includes 
micro-architecture, quality and density of the mineralized phase, presence of microdamage, 
quality of the collagen matrix, and the degree of turnover. 
Bone quality as a concept incorporates a number of different factors. We will fi rst briefl y 
examine the factors that affect bone at the matrix level before describing those that describe 
bone organization at the micro-architectural level.
As we have alluded to previously, the mechanical properties of the bone matrix are in part 
determined by the degree of mineralization. In an ideal world, bone would be mechanically 
stiff, incredibly tough, and have a high ultimate stress. Unfortunately, this is rare in the world 
of materials science as materials that are stiff are usually also brittle. In bone, the degree 
of stiffness as opposed to toughness is determined by the degree of mineralization of the 
matrix. From the highly mineralized and very stiff bones of the inner ear to the tough but 
compliant antlers of deer, the degree of mineralization can vary greatly between species and 
with the biological function of a particular bone (1). It can also be modulated by changes in 
the remodeling rate with disease and pharmaceutical intervention, as will be investigated in 
chapter 5 of this thesis.
As we have mentioned previously, one of the functions of bone remodeling is to repair micro-
damage by replacing damaged bone. Microdamage is induced both during extreme exercise 
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and during daily activity, albeit at different rates. While detrimental towards both the stiffness 
and ultimate strength of the bone, it is the energy-related resistance to fracture (toughness) 
that is most sensitive to accumulation of microdamage (28). Although there is ample evidence 
to indicate that remodeling can be initiated preferentially in damaged areas, it is unlikely that 
the repair of microcracks is the only reason for bone remodeling (12, 29). Despite the repara-
tive effects of remodeling, microdamage tends to accumulate with age, probably contributing 
to increased fracture risk (28, 30).
Considering that the formation of collagen rich osteoid is the fi rst step in the creation of bone, 
it should not be surprising to learn that the quality of the collagen matrix can have profound 
effects upon the quality of the bone. An extreme example of this occurs in osteogenesis 
imperfecta, a genetic disorder, in which defects in either the amount or structure of type I 
collagen present as abnormally fragile bone. Collagen quality can also affect the overall bone 
properties in a more subtle manner. As bone ages the collagen can become denatured and/or 
accumulate mature cross-links. Collagen denaturation can result in reduced toughness of the 
bone while alteration of the cross-linking profi le affects the stiffness (31, 32). In an intriguing 
study, it has even been suggested that the micro-architecture of the bone is related to the 
cross-link profi le (33).
Recent clinical trials have suggested that the monitoring of bone turnover through biochemi-
cal markers of bone resorption may provide a powerful method of predicting fracture risk 
(34, 35). Elevated remodeling affects the level of mineralization of the matrix by reducing 
the mean age of the bone tissue. It has also been suggested that the increased number of 
resorption pits may act as stress risers within the trabecular structure (36).
Bone micro-architecture is thought to be another major determinant of bone quality. The 
study and quantifi cation of form (in this case architecture) is known as morphometry and 
we will make use of multiple morphometric parameters in the current body of work. We will 
utilize morphometric measures that can be broadly classifi ed into 3 groups; the measurement 
of orientation (or grain), scale (metric) and curvature (topology).
As we have previously noted, the grain of trabecular bone has a distinct orientation and 
can be very anisotropic. The degree of anisotropy varies widely between individuals and 
locations, even within a single skeletal site (37-42). Multiple methods have been proposed 
to quantify the morphometric anisotropy including surface based, volume based and fourier 
analyses (43). In the current work, we use the mean intercept length method (44). In three 
dimensions, the results of this kind of analysis can be transformed and represented as an 
ellipsoid (Figure 1.3).
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In addition to the anisotropy, we also quantify the metric parameters of bone surface per 
unit of bone volume (BS/BV), trabecular thickness (tb.th), trabecular spacing (tb.sp) and 
trabecular number (tb.n). These parameters are often used in two-dimensional histological 
studies. Although much has been learned from these studies, we will see in chapter 6 that 
two-dimensional methods have limitations and can produce biases. This is especially the case 
for model-based methods that require a priori assumptions regarding the structure of the 
bone. For this reason we use only three-dimensional methods in the current work (45).
The third group of morphometric measurements we will use in the current body of work are 
those based on curvature. Structure model index (SMI) is an index that describes the area 
averaged mean curvature (46, 47). This is used to assign a scale of how ‘rod-like’ or ‘plate-
like’ a specimen is. SMI is defi ned in such a way that a structure composed of ideal plates 
would have a SMI of 0 and a structure composed of ideal rods would have a SMI of 3 (Figure 
1.4). Connectivity is a topological parameter that is closely related to the Gaussian curvature 
of an object (48). In conceptual terms, the connectivity describes the number of redundant 
connections in a structure. In other words, if one were to choose carefully, the connectivity 
would represent the maximum number of trabecula that could be severed in a piece of bone 
before it actually broke into two pieces. In the current body of work we use a voxel-based 
method to quantify the connectivity (49).
Figure 1.3: Isotropic specimen (left) and an anisotropic specimen (right). Fabric can be repre-
sented as an ellipsoid (bottom) where the relative lengths of the radii represent the strength 
of anisotropy.
Introduction
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Structure of this thesis
The objective of this body of work was to investigate how bone quality affects the mechani-
cal properties of trabecular bone. In particular, we have examined the interaction between 
bone mass, matrix properties and trabecular micro-architecture. We have utilized advances in 
imaging by microCT, three-dimensional quantitative morphometry, fi nite element modeling 
and mechanical testing to examine each of these three contributing factors. Our investigations 
have focused on three main areas: the role of bone in human osteoarthritis, the mechanical 
implications of reduced bone remodeling after antiresorptive therapy, and how differences 
in trabecular bone micro-architecture between individuals and skeletal sites contribute to the 
mechanical properties. By examining a disease state that profoundly affects bone structure, a 
drug that alters the dynamics of bone remodeling, and variations within a large population we 
were able to investigate how variations in bone mass, matrix properties and micro-architec-
ture interact to affect the mechanical properties.
Osteoarthritis is a chronic joint disease with pathological changes in all of the tissues of the 
affected joint including the bone. The extent of the involvement of bone in the disease’s etiol-
ogy is currently a matter of debate (50, 51). We have performed a series of studies to quantify 
changes in the mechanical properties of subchondral trabecular bone, investigated possible 
causes, and explored the possible implications.
In the fi rst study, reported in chapter 2, we have investigated changes in the mechanical 
properties of subchondral trabecular bone that occur in the earliest stages of human osteo-
arthritis. This was accomplished by studying a population of human donors who displayed 
mild damage to the cartilage on the medial side of the tibia and intact cartilage on the lateral 
side. A group of age and sex matched donors served as controls. Using a combination of 
microCT and mechanical testing we were able to quantify both the apparent modulus and 
tissue modulus of the subchondral trabecular bone.
Figure 1.4: An illustration of a ‘plate-like’ structure (left) and a ‘rod-like’ structure (right)
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In the second study (chapter 3) we investigated the hypothesis that degradation of the me-
chanical properties of bone observed in osteoarthritis was the result of mechanical damage 
infl icted upon the collagen network. We further investigated the hypothesis that the mecha-
nism for the denaturation of bone collagen was mechanically induced. To investigate the fi rst 
hypothesis, we used a novel digestion technique to quantify the amount of denatured collagen 
present in our population of donors with mild cartilage damage and compared the results to 
those from the donors with intact cartilage. In order to investigate the second hypothesis we 
performed a series of tests using bovine cortical bone. The amount of denatured collagen was 
measured after the induction of mechanical damage through fatigue testing, mechanical insult 
and pulverization.
Sclerotic stiffening of the subchondral bone plate is considered a hallmark of osteoarthritis. 
This presents an apparent paradox as it has been demonstrated that there is a degeneration 
of the mechanical properties of the bone tissue in osteoarthritis. In chapter 4 we investigate 
whether an increased apparent modulus is consistent with the presence of a decreased tissue 
modulus under the assumption that bone adaptation is controlled at a local (cellular) level. We 
have used microCT scans of human trabecular bone and applied a simulation model where it 
was assumed that bone adaptation was controlled locally by strain. We assumed that the strain 
sensed at a local level was increased as the tissue modulus was decreased and that adaptation 
would occur until the median strain was normalized. We could then calculate the apparent 
modulus of the resulting structure.
Bisphosphonates are emerging as an important drug for the prevention of osteoporotic 
fractures. This class of drug acts as an osteoclast inhibitor and reduces the rate of bone re-
modeling. In addition to increasing the bone volume fraction, bisphosphonate treatment also 
results in an increased mean tissue age and therefore increased mineralization. In chapter 5 
we investigated the relative contributions of micro-architecture and increased mineralization 
after bisphosphonate treatment to the apparent Young’s modulus of trabecular bone. Tra-
becular bone was harvested from the vertebral bodies of 36 beagles. These animals had been 
divided into two treatment groups and a control group. Animals in the treated groups received 
either high dose alendronate or risedronate for a one year period. As in chapter 2, we used a 
combination of microCT imaging, fi nite element modeling and mechanical testing to evaluate 
the relative contributions of trabecular micro-architecture and tissue properties to the overall 
mechanical properties.
It is well known that both the apparent Young’s modulus and ultimate stress of trabecular bone 
are related to the bone volume fraction and/or apparent density (52, 53). It is also known that 
there is a strong relation between the bone volume fraction and other quantitative measures 
of bone morphometry such as the connectivity density, structure model index, trabecular 
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thickness, spacing and number. Further, it has been demonstrated that bone morphometry 
contributes to bone quality independent of the bone volume fraction. Clinically, DEXA is the 
most commonly used tool for the prediction of fracture risk. While this method has proved 
both effective and valuable for identifying at-risk individuals, there is a great deal of unex-
plained variation in the population that ends up with a fracture as opposed to those who don’t. 
In our fi nal series of studies we have used microCT scans to quantify various morphometric 
parameters and have investigated their infl uence on the bone mechanics. Because of our 
unique sample of human donor material we were able to make a detailed investigation of the 
infl uence of skeletal site and differences between multiple donors on both bone morphometry 
and mechanics.
Much of the work in this thesis utilizes morphometric parameters to quantify aspects of the 
micro-architecture of trabecular bone. We feel using unbiased three-dimensional morphom-
etry with microCT data is essential. However, much of the literature is based on studies of 
two-dimensional histological sections. Many of these studies use the parallel plate model to 
quantify trabecular thickness, spacing and number (54). This requires the a priori assumption 
that the trabecular micro-architecture consists of plate-like structures. In chapter 6 we, inves-
tigate the ramifi cations of using the plate model. We used microCT scans of bone specimens 
from a variety of species to compare results derived using the plate model to those that were 
measured using the direct thickness method.
While bone mass is a major predictor of the mechanical properties of trabecular bone, it is 
believed that trabecular micro-architecture is also important. In chapter 7 we investigated 
the variation of trabecular micro-architecture between different people and different skeletal 
sites. Using a total of 813 biopsies from 105 donors we quantify the relation between between 
bone density and other morphometric parameters. We then examined whether this relation 
varied between donors and sites.
The mechanical properties of trabecular bone are highly dependant upon apparent density and 
anisotropy. Multiple predictive models have been described that can predict the orthotropic 
stiffness and/or compliance matrix for trabecular bone based on density in combination with 
a quantitative descriptor of anisotropy (55). In chapter 8 we examined the performance of 
these models when applied to a subset of the data used in chapter 7. We specifi cally tested 
the hypothesis that these models were general with respect to individuals and skeletal site by 
comparing donor and site-specifi c fi ts to generalized fi ts. We also assessed the stability of the 
derived relations using a cross-validation procedure.
Although constitutive equations based on apparent density and anisotropy provide excellent 
predictions of the mechanical properties of trabecular bone, there is still room for improve-
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ment. Relative errors of 20-60% are not uncommon depending on which model is used (55). 
Previous studies have demonstrated using multiple regression analysis that the prediction of 
uniaxial mechanical properties can be improved by adding other morphometric parameters. 
In chapter 9 we extended the fabric-based model proposed by Cowin (56) using multiple 
parameters.
Finally, in chapter 10 we discussed this body of work in a wider context. The methods, results 
and limitations of the studies are discussed and the clinical ramifi cations are considered. We 
also present results that relate to a number of subgroups of the data that were not included 
in the other chapters. Some of these subgroups were too small to warrant a full statistical 
analysis but did, however, assist us in the interpretations of the study results. We feel that their 
inclusion in the discussion of this thesis is justifi ed in this context and helps to complete the 
full analysis of our data.
In this body of work we have investigated the relation between bone quality (architecture 
and matrix properties) and mechanical properties in three distinct contexts. In conjunction 
with the destruction of cartilage, sclerosis and pathological remodeling of the underlying 
bone is a hallmark of osteoarthritis. We investigate the alterations of both the matrix and 
apparent bone properties at the earliest stages of osteoarthritis as well as the bone’s adap-
tive response. Bisphosphonates, a class of drugs commonly used for osteoporosis therapy, 
are a potent osteoclast inhibitor resulting in reduced bone remodeling, increased bone mass 
and increased matrix mineralization. Using an animal model, we examined the effect of a 
drastic reduction in bone remodeling on bone properties including mechanics. Finally, we 
examined the variation of bone architecture between individuals and skeletal sites in a human 
population. We then examined the relation between individual donors, trabecular architecture 
and the resulting mechanical properties. When viewed as a body of work, we have provided 
information that increases our understanding of how bone mass and bone quality affect the 
mechanical properties of trabecular bone.
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A decreased subchondral trabecular bone tissue 
elastic modulus is associated with pre-arthritic 
cartilage damage
JS Day, M Ding, JC van der Linden, I Hvid, DR Sumner, H Weinans
Abstract
In osteoarthritis, one postulate is that changes in the mechanical properties of the subchondral bone 
layer result in cartilage damage. The goal of this study was to examine changes in subchondral 
trabecular bone properties at the calcifi ed tissue level in the early stages of cartilage damage. Finite 
element models were constructed from microCT scans of trabecular bone from the proximal tibia 
of donors with mild cartilage damage and from normal donors. In the donors with cartilage dam-
age, macroscopic damage was present only in the medial compartment. The effective tissue elastic 
moduli were determined using a combination of fi nite element models and mechanical testing. The 
bone tissue modulus was reduced by 60% in the medial condyle of the cases with cartilage damage 
compared to the control specimens. Neither the presence of cartilage damage nor the anatomic 
site (medial vs. lateral) affected the elastic modulus at the apparent level. The volume fraction of 
trabecular bone was higher in the medial compartment compared to the lateral compartment of 
tibiae with cartilage damage (but not the controls), suggesting that mechanical properties were 
preserved in part at the apparent level by an increase in the bone volume fraction. It seems likely 
that the normal equilibrium between cartilage properties, bone tissue properties and bone volume 
fraction is disrupted early in the development of osteoarthritis.
Day JS, Ding M, van der Linden JC, Hvid I, Sumner DR, Weinans H. A decreased 
subchondral trabecular bone tissue elastic modulus is associated with pre-arthritic 
cartilage damage. J Orthop Res 19:914-8 (2001).
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Introduction
Osteoarthritis has been described as an “organ failure” where pathological changes in the 
cartilage and bone interact, resulting in the failure of the joint. Progression of the disease 
is indicated by focal destruction of the cartilage and abnormal growth of the subchondral 
bone, producing both a thickened subchondral bone plate and osteophytes. There is evidence 
that suggests that the initiation and progression of osteoarthritis involves a disruption of the 
normal mechanical equilibrium between bone and cartilage. However, it is uncertain whether 
osteoarthritis is initiated in the cartilage layer, bone layer or both layers simultaneously (57-
59).
Radin and Rose (51) proposed that cartilage lesions are created as a result of steep stiff-
ness gradients within the underlying subchondral bone. The resulting stress gradients are 
propagated through the cartilage, and progression of cartilage lesions requires the presence 
of stiffened subchondral bone. Changes in bone density and mechanical properties late in the 
development of osteoarthritis suggest that stiffer subchondral bone may be present (58), and 
there are indications that bone density may be elevated and bone mechanical properties may 
be altered at the apparent level early in disease progression (60).
The mechanical properties of bone at the apparent level are affected by the amount of bone 
present (volume fraction), the architecture of this bone and the mechanical properties of this 
bone at the level of the calcifi ed tissue matrix. In this study we used fi nite element models 
of the bone micro-architecture to separate the effects of bone volume and architecture from 
the tissue properties. By comparing the fi nite element models with mechanical tests we were 
able to estimate the calcifi ed tissue matrix elastic modulus (hereafter referred to as the tissue 
modulus). We then used these results to test the hypothesis that bone mechanical properties 
at the level of the calcifi ed tissue matrix are altered in the presence of (59) mild cartilage 
damage.
Methods
All of the bone material for this study was taken post mortem from the proximal tibiae of 
ten donors with mild cartilage damage and ten control donors. All donors were Caucasian 
and had died suddenly from trauma or acute disease. Donors in the control group were free 
from metabolic diseases, and the cartilage surfaces of the specimens were intact. Cartilage 
damage was defi ned as macroscopically degenerated fi brillated cartilage and was confi rmed 
histologically. The cartilage-damaged tibiae showed visual degeneration with slight fi ssures 
in the superfi cial zone of the medial condyle cartilage whereas the surface of the lateral 
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condyle was intact. Cell clusters in the superfi cial zone and reduction of safranin O staining 
could be seen histologically in the damaged cartilage. Mankin scores (61) for normals were 
2.0 or less and for tibiae with mild cartilage damage were between 3.0 and 7.0 (Table 2.1). 
No specimen with a Mankin score of greater than 8.0 (values depicting mild to moderate 
damage) was included.
Samples were chosen from a larger study of 6 sites on the lateral side and 7 sites on the medial 
side (62). One sample was chosen at random from the medial side and one from the lateral 
side. A post hoc analysis of the control specimens confi rmed that calcifi ed tissue modulus 
was not related to the sampling site within each compartment. One tibia was removed from 
Medial Lateral
Age Sex Mankin
Score
Mankin
Score
Damaged 1 71 M 5.0 1.5
Damaged 2 81 M 5.0 1.5
Damaged 3 77 F 4.0 1.5
Damaged 4 68 M 3.0 3.0
Damaged 5 72 M 4.0 1.5
Damaged 6 63 M 5.0 1.5
Damaged 7 78 F 6.0 1.5
Damaged 8 81 M 7.0 2.0
Damaged 9 63 M 5.0 1.5
Damaged10 78 F 5.0 1.5
Average 73 4.9 1.7
St Dev 7 1.1 0.5
Control 1 58 M 0.5 0.0
Control 2 66 M 1.0 1.0
Control 3 61 M 0.0 0.0
Control 4 62 M 1.5 1.0
Control 5 72 M 0.0 0.0
Control 6 80 F 0.0 0.0
Control 7 80 F 2.0 1.0
Control 8 85 F 1.0 1.0
Control 9 80 M 1.0 0.0
Control10 83 M 1.0 1.0
Average 73 0.8 0.5
St Dev 10 0.7 0.5
Table 2.1: Mankin scores for donor proximal tibial joint surfaces
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each donor and cylindrical trabecular bone specimens were selected from each of the medial 
and lateral condyles. The samples were cored from the proximal tibiae using a 7.5 mm tre-
phine oriented perpendicular to the cartilage surface. Each sample was cut 1 mm below the 
subchondral bone plate and the distal edge was trimmed to create a cylindrical sample with 
both length and diameter of 7.5mm. All samples were stored in physiological saline in sealed 
plastic tubes at –20°C until testing.
A microCT scanner was used to scan the samples (µCT 20, Scanco Medical AgG., Zürich, 
Switzerland). The resulting edge length of the cubic voxels was 22 µm. The volume of each 
sample was measured using Archimedes’ principle(63). Then the grey value which would 
produce a segmented image of the same volume was determined for each sample. Images 
were segmented using the average of the ten grey levels for each group.
Compressive mechanical tests were performed using a materials testing machine (MTS Sys-
tems Corporation, Minneapolis, Minnesota, USA) using a 1kN load cell and a static strain 
gauge extensometer (Model 632.11F-20, MTS) attached to the testing column. The platens 
were polished and lubricated with a low viscosity mineral oil to reduce the effect of friction 
(17). A preload of 3N was applied to the samples which were then preconditioned by applying 
10 cycles of loading between the preload strain and 6000 µstrain. Samples were then tested to 
failure with a strain rate of 2000 µstrain/s. The apparent modulus of the sample was calculated 
as the tangent of the linear portion of the stress strain curve at 6000 µstrain.
The tissue modulus was calculated using a combination of fi nite element modeling and 
mechanical testing (20). This method was used because it enables the tissue modulus to be 
evaluated separately from the trabecular architecture. All voxel µCT data were coarsened 
then converted to cubic elements with an edge length of 66 µm. Coarsening was performed 
using a bone volume preserving algorithm (64). After coarsening, the data were converted to 
a fi nite element mesh of 8 node cubic elements. All elements were assigned an arbitrary tissue 
Elastic modulus of 1 GPa and a Poisson ratio of 0.3. 
Boundary values were assigned to simulate an unconstrained compressive test with no friction 
at the platens. Because the fi nite element analysis was linear elastic, the apparent modulus 
obtained from the fi nite element model could be simply scaled to match the apparent modulus 
from the mechanical tests. The resulting scaling factor can be considered the effective bone 
tissue modulus of the sample (20).
The statistical analyses included two-way analyses of variance for repeated measures for the 
experimental apparent modulus, bone volume fraction and tissue modulus. The group (i.e., 
normal vs. mild damage) was used as the between-subjects factor and compartment (medial 
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vs. lateral) as the within-subjects factor. When signifi cant main effects or an interaction be-
tween the main effects was found, specifi c comparisons were made with student’s t-tests and 
paired t-tests. In all cases, the exact p values are given and we considered p < 0.05 to represent 
signifi cant effects. Statistical analysis was performed using SPSS version 8.0 (SPSS Inc., 
Chicago, IL, USA).
Inclusion of 10 control donors and 10 donors with mild cartilage damage insured 80% power 
for detecting an effect size of 1.325 (the ratio of the difference between the population means 
to the population standard deviation), based on a two-sided independent-sample t test with a 
0.05 signifi cance level. The two-sided paired t tests that were done separately for the control 
group and the group with mild cartilage damage had 80% power for detecting an effect size 
of 0.996 (the ratio of the mean differences to the standard deviation of the mean differences), 
based on a 0.05 signifi cance level. Power calculations were done with nQuery Advisor soft-
ware, Version 2 (Boston, MA).
Results
The tissue modulus was higher in the normal samples than in the samples from the cases with 
cartilage damage (p = 0.004 for the group effect in the analysis of variance). Neither compart-
ment (p = 0.684) nor the compartment by group interaction (p = 0.288) were signifi cant. 
Specifi cally with regard to the group effect, on the medial side the samples with cartilage 
damage had a nearly 60% reduction in tissue level modulus (p = 0.013, for the student’s t-test 
with the variances not assumed to be equal). Laterally, although the mean for the normal 
samples was higher than for the cartilage damaged samples, the difference was not signifi cant 
(p = 0.169; Figure 2.1Top). While there was not an overall effect of compartment, the tissue 
modulus of the medial compartment was reduced compared to the lateral compartment in the 
damaged group (p=0.009).
The analysis of variance for the apparent modulus indicated that neither compartment (p = 
0.287), group (p = 0.242) nor the interaction between compartment and group (p = 0.152) 
were signifi cant (Figure 2.1 Middle).
In general, the volume fraction was greater medially than laterally (p = 0.009 for the effect 
of compartment in the analysis of variance), but group was not signifi cant (p = 0.140), nor 
was the interaction between compartment and group signifi cant (p = 0.633). Specifi cally, 
the medial-lateral difference was signifi cant in the sample with cartilage damage (p = 0.023, 
paired t-test), but did not reach signifi cance in the normal sample (p = 0.155; see Figure 2.1 
Bottom).
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Figure 2.1: Results by group (control vs. damaged) and compartment (medial vs. lateral). The p 
values indicated are the result of post hoc t-tests. Only results that were signifi cant in both the 
ANOVA and post hoc t-tests are indicated. Results displayed as mean ± SD: Tissue modulus 
(Top), Apparent modulus (Middle), Average volume fraction (Bottom).
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Discussion
Using a combination of fi nite element modeling, µCT scanning and mechanical testing, we 
were able to determine the effective tissue elastic modulus for trabecular bone samples from 
the proximal tibia. This modulus can be considered as the effective tissue modulus for a 
homogeneous isotropic material. The apparent modulus and volume fraction were not signifi -
cantly different between the damaged samples and controls. The variance in these measures 
was relatively large, and it is possible that there was an effect that was not detectable in this 
study. However, the goal of the present study was to examine changes in the properties of the 
material at the tissue matrix level. By using microFE modeling we were able to adjust the 
results of the mechanical testing to correct for differences in both volume fraction and tissue 
architecture. We found that there was a signifi cant decrease in the tissue modulus in the group 
which exhibited mild cartilage damage.
The tissue modulus in this study varied from 3-20 GPa in the normal donors and from 2-9 
GPa in the donors with cartilage damage. These values were within the range of those found 
by nanoindentation (65), acoustic microscopy (66) and micromechanical testing (67). Moduli 
which varied from 2 to 10 GPa were found in studies of human vertebrae using the fi nite ele-
ment method (24, 68). The difference between our results and those of previous studies which 
used the fi nite element method may be due to anatomic location, disease state, or differences 
in mechanical testing protocol.
The voxels from the µCT data set were coarsened to elements with an edge length of 66 µm. 
The algorithm used ensured that the bone volume fraction was the same before and after 
coarsening, as previous research indicates that it is preferable to conserve volume (64). The 
voxel meshes were slightly coarser than recommended (16, 69), but the element size was 
constrained by limitations in computing time. Coarsening to 44 µm and 66 µm resulted in 
computing times of approximately 30,000 s and 4,000 s CPU time respectively on a Cray 
C90 supercomputer. Boundary conditions at the platens were simulated as frictionless to ap-
proximate the polished lubricated platens. This remains only an approximation which leads 
to an error of approximately 15% to 30% (15, 70). We assumed that the errors incurred by the 
modeling assumptions had a similar magnitude in all groups.
Assuming isotropic and homogeneous material properties for the elements, we calculated the 
effective stiffness of the trabecular tissue. In late stage osteoarthritis bone tissue is sclerotic, 
hypomineralized, and contains an increased fraction of water (71-74). The presence of large 
amounts of osteoid may implicate irregularities in bone turnover (75). Additionally, a pos-
sible relation between microcrack density and failure stress has been noted in osteoarthritic 
bone (58, 76). In the present study, it was impossible to determine whether the differences 
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observed were due to a disruption of tissue continuity (i.e., increased microcrack density or 
inclusion of defects) or to degeneration of the actual matrix (i.e., reduced mineralization or 
abnormal collagen properties). 
The apparent properties of bone are determined by both bone architecture and tissue modulus. 
In normal bone, a large percentage of the variance in the apparent properties can be explained 
by the apparent density alone (77). In the present data set we found that there was a non-
signifi cant increase in the volume fraction and a non-signifi cant decrease of the apparent 
stiffness of the bone in the damaged medial condyle. In a larger dataset where we measured 
volume fraction and apparent stiffness in 3 locations in each condyle these differences were 
signifi cant. The fact that a general increase in volume fraction was not accompanied by an 
increase in the apparent modulus indicates that the normal relation between apparent stiffness 
and volume fraction is disrupted. This is not surprising considering the 60% reduction of the 
tissue modulus in the medial compartment of the group with cartilage damage. A change in 
the relation between volume fraction and apparent modulus has been noted previously in late 
stage osteoarthritis (72, 78).
 
The fi nding of reduced tissue stiffness associated with mild cartilage damage necessitates a 
change to the previous models of osteoarthritis progression. Radin proposed that cartilage 
degeneration occurred due to localized stiffening of the subchondral layer (51). In light of the 
present data, it seems that abnormal stress gradients in the subchondral layer may be the result 
of local degeneration of bone tissue properties. This may lead to local softening as the bone 
degenerates resulting in the disruption of the normal equilibrium between bone and cartilage 
stiffness. As well, the normal relation between volume fraction and apparent stiffness is dis-
rupted. The disruption of the normally coupled relation between cartilage stiffness and bone 
apparent stiffness has been recently presented within the same donor group (62). Perhaps, as 
the bone remodels in response to its new mechanical environment, the subchondral bone plate 
thickens and the volume fraction in the underlying trabecular bone increases. Eventually, 
the remodeling process may even ‘overshoot’ the original equilibrium, resulting in stiffened 
subchondral bone at the apparent level. This hypothesis is supported by a previous study of 
late stage osteoarthritis where osteoarthritic bone from the femoral head was stiffer than bone 
from control donors at the apparent level but softer at the tissue level (62, 72, 79).
 
In conclusion, we have demonstrated that effective bone tissue stiffness is decreased and bone 
quantity is increased in the presence of mild cartilage damage. The reduction of tissue stiff-
ness caused greater tissue deformation than was compensated for by increased bone volume. 
It is likely that this process leads to a loss of the normal mechanical equilibrium between 
cartilage and bone mechanical properties.
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Denatured collagen in osteoarthritic bone
Day JS, Manintveld O, Bank RA, Ding M, Verhaar JAN, Sumner DR, Hvid I, van 
Osch GJVM, Weinans H
Abstract
Osteoarthritic bone tissue is mechanically inferior to normal bone. In the current study we inves-
tigate a possible role of collagen denaturation. Denatured collagen was measured in early and late 
stage osteoarthritic donors and compared to controls. While the proportion of denatured collagen 
was increased by approximately 20% in early stage osteoarthritics, there were no obvious effects 
in late stage donors. We did, however, fi nd that the proportion of denatured collagen was higher in 
deep trabecular bone than in the subchondral plate. We further proceeded to investigate mechanical 
insult as a possible mechanism for collagen denaturation. Using bovine cortical bone we used 
multiple methods to produce damage including, fatigue testing, crushing and pulverizing samples. 
Pulverizing samples to a fi ne powder only doubled the denatured collagen content. Crushing and 
fatiguing the samples had no measurable effect. We therefore conclude that while an elevated level 
of denatured collagen has been observed in early osteoarthritis, this does not seem to be caused by 
mechanical trauma (i.e. microdamage).
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Introduction
The mechanical properties of connective tissue are infl uenced by quality of the collagen 
matrix. In aging, accumulation of advanced glycation end products results in wrinkled skin, 
stiffened joints and stiffening of the vascular system. In osteoarthritis, affected cartilage is 
mechanically inferior and contains 4 times as much denatured collagen as intact cartilage 
(80). It is not known if the breakdown of articular collagen is due to mechanical damage or 
enzymatic degradation.
 
Alterations of the collagen matrix can also affect the properties of bone. In osteoporosis there 
is increased lysine hydroxylation as well as increased collagen synthesis and degradation. 
Over-hydroxylation of the collagen leads to fi ner fi brils, modifi ed cross-links and reduced 
calcifi cation resulting in increased bone fragility (81). In normal aging, there is a decrease 
in bone collagen content accompanied by an increased concentration of denatured collagen 
(personal communication with Dr. R.A. Bank). The toughness, strength and stiffness of bone 
are all degraded as the collagen is denatured(31, 82, 83).
It has been demonstrated that osteoarthritic bone matrix is mechanically inferior to normal 
bone (23, 73). Turnover is increased sevenfold in the subchondral bone and there is a 25% 
decrease in mineralization. Phenotypic expression of the osteoblasts is modifi ed to produce 
increasing proportions of type I homotrimer in addition to the normal type I heterotrimer. This 
homotrimer is associated with inferior mechanical quality (84). 
It has previously been suggested that the onset of osteoarthritis is associated with mechanical 
micro-trauma in the subchondral bone (50, 51, 85, 86). In the current study, we investigate 
the hypothesis that there is an elevated level of mechanical damage in bone at the earliest 
stages of osteoarthritis. This damage should begin at a molecular level and thus be heralded 
by denaturation (unwinding) of the collagen matrix. In order to test our hypothesis, we have 
examined the content of denatured collagen in subchondral trabecular bone from donors with 
early stage osteoarthritis. These assays have been contrasted with those from donors with 
advanced osteoarthritis. Finally, to understand possible mechanical mechanisms, we have 
performed experiments to test the ability of mechanical damage to induce collagen denatur-
ation in mineralized bone samples.
Methods
as This study consisted of three experiments, one involving material from donors with no or 
mild cartilage damage, one involving material from patients undergoing joint replacement 
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for end stage osteoarthritis, and one assessing the ability to induce collagen denaturation 
mechanically in bovine cortical bone. All of the experiments utilitzed a previously described 
assay for denatured collagen (80). Briefl y, samples were decalcifi ed in EDTA before selec-
tively digesting denatured collagen using alpha-chymotrypsin. The supernatent (containing 
the digested denatured collagen) was separated from the remaining insoluble matrix. Next, 
the two pools were hydrolyzed in 6M HCl and the amount of hydroxyproline in each sample 
was measured using either reverse phase high performance liquid chromatography (Experi-
ment 1) or a colorimetric assay (Experiments 2 & 3). Thus, the ratio of hydroxyproline in 
the two pools was used to quantify the amount of damaged collagen with respect to intact 
collagen in each sample.
Experiment 1: Human trabecular bone was harvested post mortem from the subchondral 
region of the proximal tibiae. All donors had died suddenly from trauma or acute disease. 
Donors in the control group were free from metabolic diseases and the cartilage surfaces of 
the specimens were intact. Cartilage damage was defi ned as macroscopically degenerated 
fi brillated cartilage and was confi rmed histologically. The cartilage-damaged tibiae showed 
visual degeneration with slight fi ssures in the superfi cial zone of the medial condyle cartilage 
whereas the surface of the lateral condyle was intact. Cell clusters in the superfi cial zone and 
reduction of safranin O staining could be seen in the damaged cartilage. Mankin scores for 
control donors were 2.0 or less and for tibiae with mild cartilage damage (i.e. oarly OA) were 
between 3.0 and 7.0. No specimen with a Mankin score of greater than 8.0 was included. Nine 
trabecular bone specimens were obtained from either the medial and/or lateral compartment 
of 11 early-stage OA donors (average age: 75, range 63 – 87) and 13 normal controls (average 
age: 70, range 61-85). One 7.5 mm diameter cylindrical sample was drilled out from each 
condyle, orientated such that the axis of the cylinder was aligned with longitudinal axis of the 
tibia. Samples of approximately 7.5mm length were cut 1mm distal to the subchondral bone 
plate. These samples were then cut longitudinally into 4 quarters, one of which was used to 
quantify collagen denaturation. The groups were compared using two-way ANOVA before 
using t-tests for post-hoc analysis.
Experiment 2: Bone cores were obtained from the patients undergoing joint arthroplasty. 
Samples were cored using a water-cooled diamond trephine and split longitudinally into 4 
quarters one of which was used to quantify denatured collagen. This sample was split into 
the subchondral bone plate (SP), the trabecular bone immediately underneath the subchon-
dral plate (TB1) and one deep piece of trabecular bone from approximately 1 cm under the 
subchondral plate (TB4). Assays for denatured collagen were performed in triplo for each 
sample. The donors in this study could be divided into two sub-experiments:
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• Experiment 2A
 Femoral heads with internal control
 Two core samples were harvested from the femoral head of patients undergoing total hip 
arthroplasty for osteoarthritis (nsubjects = 2). One core sample was taken from a region with 
intact cartilage (C+) and one was taken from a region with extreme cartilage damage as 
assessed visually (C-).
• Experiment 2B
 Tibial plateau with external control
 Two core samples were harvested from the proximal tibia of four patients undergoing total 
knee arthroplasty osteoarthritis, one from the medial and one on the lateral condyle. These 
were compared to cores from four donor tibias with visually intact cartilage.
Experiment 2 was performed as a pilot test and for this reason the analysis will be descriptive 
only.
Experiment 3: Fresh bovine tibiae were obtained from the slaughterhouse. Plank shaped 
samples of diaphysial compact bone (60 x 5 x 2 mm) were cut using a water-cooled diamond 
saw. Specimens were then subjected to one of the following treatments:
• Experiment 3A
 i) untreated controls (n = 10)
 ii) fatigue loading of a 50 mm span in 3-point bending for 170000 cycles with a maximum 
stress of 80 MPa (n = 10) and cross head velocity of 1.0 mm/s. 
• Experiment 3B
 i) untreated controls (n = 10)
 ii) crushing by hand with a mortar and pestle to produce particles of approximately 2-3 
mm (n = 10)
 iii) pulverization to a fi ne powder in liquid nitrogen using a Mikro-Dismembrator (n = 5)
 iv) submersion liquid nitrogen as a control for part of the pulverization procedure (n = 5)
In experiment 3, a Kruskal Wallis test was used to compare the groups overall. For post hoc 
testing, each treated group was compared to the relevant control group using a Mann Whitney 
test.
Results
Experiment 1: In human subchondral trabecular bone there was a difference between early 
arthritics and controls (ANOVA p=0.04). There was a 22% increase in denatured collagen in 
the medial condyle (p=0.02) and a similar non-signifi cant increase of 18% on the lateral side 
(p=0.11). There were no signifi cant differences between the medial and lateral condyles of 
either group (Figure 3.1).
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Experiment 2A: In the samples from the femoral head of two donors there seemed to be 
a slight elevation of the levels of denatured collagen in the areas with intact cartilage as 
opposed to the damaged areas. In all four locations the deep trabecular bone contained more 
denatured collagen than the subchondral plate (Figure 3.2).
Experiment 2B: In the samples from the proximal tibia of osteoarthritic and control donors 
there were no obvious differences between osteoarthritics or controls on either the medial or 
lateral side. One arthritic donor had extremely high amounts of denatured collagen on both 
the medial and lateral sides (3x the other donors). When this donor was removed from the 
analysis it was apparent that the deep trabecular bone once again contained more denatured 
collagen than the subchondral plate (Figure 3.3).
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Figure 3.1: Denatured collagen in the proximal tibia of early osteoarthritic donors (Mean + 
SEM; n = 9 donors per group).
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Figure 3.2: Denatured collagen from the femoral head of advanced arthritics (Mean + SEM; n 
= 3 assays per group). SP indicates the subchondral plate, TB1 indicates trabecular bone just 
distal to the plate and TB4 indicates deep trabecular bone. C+ and C- respectively denote areas 
with intact and damaged cartilage.
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Experiment 3A: Many fatigue specimens broke before 170000 cycles. One sample in the 
control group was destroyed during the assay procedure. After fatigue loading, there was no 
signifi cant change in the amount of denatured collagen
Experiment 3B: One sample in the crushed group was destroyed during the assay procedure. 
ANOVA testing revealed that there were differences between groups (Kruskal Wallis p = 
0.006). Crushing bovine cortical bone in a mortar and pestle did not signifi cantly increase 
the amount of denatured collagen. However, pulverization doubled the denatured collagen 
content (Mann Whitney p = 0.004). Submersing the sample in liquid nitrogen did not affect 
the denatured collagen content (Figure 3.4).
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Figure 3.3: Denatured collagen in the medial and lateral tibia of advanced arthritics and con-
trols (Mean + SEM; n = 4 donors per group). One of the subjects in the OA group had very 
high amounts of denatured collagen in the subchondral plate. Because of the small number 
of donors in this sub-study we have displayed the results with this donor included (Top) and 
with this donor removed from the results (Bottom).
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Discussion
In the fi rst part of this study we examined the amount of denatured collagen in subchondral 
trabecular bone of human donors. An increase in the denatured collagen content was noted 
in the presence of mild to moderate cartilage damage on the medial side. Surprisingly, there 
were indications that this increase may also be present on the lateral side where the cartilage 
was intact. In late stage osteoarthritis, the only area with increased denatured collagen was 
where there was still intact cartilage (Figure 3.2A: denatured collagen was increased in C+ 
areas). Interestingly, there was more denatured collagen in the deep trabecular bone than 
in the subchondral plate. This has been reported previously in a study of equine bone (87). 
This would seem to indicate that the increased expression of cytokines in arthritic cartilage 
does not directly degrade the collagen in the mineralized subchondral plate. At the present 
time, we do not feel that we have enough data regarding late-stage osteoarthritis to make to 
defi nitive conclusions regarding the status of the collagen. However, the evidence that we do 
have seems to indicate that there is an elevation in collagen denaturation early in the disease 
process and that this eventually stabilizes and returns to normal levels.
In our original hypothesis, we proposed that increased collagen denaturation would be ob-
served in arthritic bone. We felt that this disruption of the collagen matrix may partially explain 
the degraded quality of the bone matrix that is observed in osteoarthritic bone (23, 73). We 
further hypothesized that the denaturation of collagen would be a molecular level indicator 
of microdamage. Our in vitro experiments indicate that it is unlikely that the increase in 
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Figure 3.4: Mechanical induction of collagen damage (Mean + SEM). Samples were fatigued in 
3 point bending, crushed in a morter and pestle, pulverized to a powder in a Mikro-dismem-
brator, and submerged in liquid nitrogen. Only pulverization of the samples could induce 
signifi cant denaturation of the collagen.
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denatured collagen is induced mechanically. Neither fatiguing nor crushing the samples had a 
measurable effect on the denatured collagen. Pulverization to a fi ne powder only doubled the 
amount of denatured collagen.
Explanation for the observed increased content of denatured collagen requires revision of 
our previous hypothesis. It has previously been observed that bone turnover is increased in 
arthritics(86, 88, 89). This also results in a decreased level of mineralization of the matrix. 
Arthritic bone has been reported to contain substantial amounts of woven bone. It has also 
been reported that an abnormal form of type I collagen is produced in arthritic bone (90). 
This leaves us with multiple possible explanations for the increase in denatured collagen in 
arthritic bone: i) bone collagen is denatured after cleavage by elevated levels of cytokines. 
These cytokines may be produced locally or transported across the subchondral plate from 
the cartilage. ii) the abnormal type I homotrimer in osteoarthritic bone may be susceptible 
to spontaneous denaturation iii) increased denatured collagen may be the result of elevated 
remodeling.
In conclusion, we observed an increase in the amount of denatured collagen in the subchondral 
trabecular bone of donors with mild cartilage damage. This was not observed in advanced 
osteoarthritis. We were not able to induce collagen denaturation in vitro mechanically except 
for the extreme case of pulverization suggesting that other factors may be important. 
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Adaptation of subchondral bone in osteoarthritis
Day JS, van der Linden JC, Bank RA, Ding M, Hvid I, Sumner DR, Weinans H.
Abstract
Osteoarthritis is a chronic joint disease with pathological changes in the articulating cartilage and 
all other tissues that occupy the joint. Radin and coworkers have suggested the involvement of 
subchondral bone in the disease process. However, evidence for an essential role in the etiology 
has never been proven. Recent studies showing reduced chemical and mechanical properties of 
subchondral bone in various stages of the disease have invigorated interest in the role of subchon-
dral bone in the development and progression of the disease. The current study showed that the 
concept of bone adaptation might explain subchondral stiffening, a process where subchondral 
bone becomes typically sclerotic in osteoarthritis. In addition, we report reduced mechanical 
matrix tissue properties as well as an increase in denatured collagen content. In conclusion, al-
though osteoarthritic bone tissue contains increased denatured collagen and has reduced matrix 
mechanical properties, the widely accepted concept of subchondral stiffening is compatible with 
the process of normal bone adaptation.
Day JS, Van Der Linden JC, Bank RA, Ding M, Hvid I, Sumner DR, Weinans H. 
Adaptation of subchondral bone in osteoarthritis. Biorheology 41(3-4):359-68 
(2004).
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Introduction – The role of bone in osteoarthritis
Osteoarthritis has been described as an “organ failure” where pathological changes in the 
cartilage, bone, synovium and other soft tissues interact resulting in failure of the joint. 
Indications of disease progression include destruction of the cartilage in combination with 
abnormal growth of the subchondral bone resulting in thickened subchondral bone plate, 
osteophytes and deformation of the affected joint (Figure 4.1). Although little is known about 
the relation between bone and cartilage in the etiology of osteoarthritis, clinical management 
has focused mainly on chondroprotective strategies.
The role of bone in disease pathogenesis requires examination, as the subchondral bone plate 
provides a mechanical base for the cartilage while supplying a large proportion of its nutrient 
requirements(91, 92). Sclerosis of the subchondral plate can be observed on x-rays of osteo-
arthritic patients and increased stiffness and bone mineral density(BMD) of the subchondral 
plate is considered a hallmark of osteoarthritis. Subchondral bone is altered in the earliest 
stages of osteoarthritis (59, 93-96) as the subchondral plate thickens and bone volume frac-
tion is increased in the weight bearing areas of trabecular bone (71, 72, 97, 98). The structure 
of the trabecular bone is also altered to consist of thick, widely spaced trabeculae (99, 100). 
Although osteoarthritis has been repeatedly associated with increased BMD, both in the af-
fected joint and appendicular skeleton(59, 60, 93, 101-106), the relation between BMD and 
disease progression is not clear (60, 107, 108).
Figure 4.1: Pathological adaptation of an osteoarthritic femur head. A section through an 
osteoarthritic(left) and normal femur head(right). Prominent osteophytosis(⇐), cyst forma-
tion (←), and subchondral sclerosis(box) are indcated. Note the fl attening of the osteoarthritic 
femur head and widening of the femoral neck.
46
Chapter 4
Radin et al. (50, 51) were the fi rst to propose a link between subchondral bone mechanics and 
disease progression. Based on observations of increased stifness(109) and decreased energy 
absorbing capacity(110) of osteoarthritic bone they proposed that stiffening of the subchon-
dral plate was an initiating factor in osteoarthritis. According to their hypothesis, trabecular 
microfracture due to impulsive loading initiates bone remodeling in the subchondral plate. 
This leads to localized stiffening that in turn produces increased shear stress in the cartilage, 
culminating in cartilage breakdown.
Mechanical testing of arthritic bone: Scale effects
In spite of evidence of the involvement of mechanical factors in the development of osteo-
arthritis, there is little data available regarding the mechanical properties of osteoarthritic 
bone. Upon examination of the available literature (summarized in Table 4.1), the concept 
of subchondral stiffening seems to present a paradox since arthritic bone has been reported 
to be both stiffer and more compliant than normal bone. However many of these studies fail 
to recognize that bone’s mechanical properties can be altered at a minimum of two distinct 
levels of organization. Because bone is a cellular (i.e. foam-like) material its mechanical 
properties are infl uenced both by the material properties of the calcifi ed matrix and the poros-
ity of the structure as a whole. Matrix properties are measured at the micron scale and are 
commonly referred to as ‘bone quality’. Apparent or functional level measurements are made 
at the millimeter to centimeter scale and refl ect the matrix level properties combined with the 
effects of bone mass and trabecular architecture (Figure 4.2).
At this time, only two studies have measured both the apparent and matrix level proper-
ties of arthritic bone. Day et al.(23) used a combination of standard mechanical testing and 
micro fi nite element modeling to determine both the apparent and matrix Young’s modulus 
apparent level
matrix level
Figure 4.2: Defi nitions of the apparent level and the matrix level. The matrix modulus was 
defi ned as the modulus effective at the scale of tens to hundreds of microns. The apparent 
modulus was effective at the scale of millimeters to centimeters and includes both the infl u-
ence of the matrix modulus and the infl uence of trabecular architecture.
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of cadaveric specimens. Tibiae with mild cartilage damage in the medial compartment and 
intact cartilage on the lateral side were compared to intact controls. In these specimens, the 
matrix modulus was reduced by approximately 50% in the arthritic group with a larger reduc-
tion on the medial side. The apparent modulus was not signifi cantly different from controls, 
but the ultimate stress was reduced on the medial side in the arthritic specimens(98). Li 
and Aspen(72, 73, 79) used a combination of standard compression and ultrasonic testing to 
measure the mechanical properties of bone taken from patients undergoing hip arthroplasty 
for osteoarthritis. They found a 15% increase in the apparent modulus of the trabecular bone 
and a 15% decrease in the matrix modulus of the subchondral bone plate compared to a 
control group. In common to both of these studies, one on early and the other on late-stage 
osteoarthritis, was a fi nding of increased bone volume fraction and decreased matrix proper-
ties in the arthritic groups.
Bone mechanosensors, remodelling and adaptation
It is important to note that bone remodeling and adaptation is driven by the cells and thus 
occurs at a scale that is closer to the tissue level than the apparent level. The cells that gener-
ate and resorb the bone matrix are the osteoblasts and osteoclasts respectively. Osteoclasts 
make resorption cavities on the surfaces of the trabeculae in the range of 20 to 60 microns 
deep. During normal turnover osteoblasts fi ll this cavity with collagen that slowly miner-
alizes thereafter. It has long been known that the osteoclastic resorption and osteoblastic 
apposition are a coupled mechanism, often referred to as a Bone Multicellular Unit or a 
BMU (Figure 4.3). It has been recently discovered that an important coupling mechanism 
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Figure 4.3: Illustration of a bone remodeling unit. Osteocytes and/or osteoblasts act to modu-
late the resorptive activity of osteoclasts. These cells are thought to be sensitive to both sys-
temic signals and local mechanical stimulation.
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between osteblasts and osteoclasts occurs due to cell binding molecules expressed on their 
cell membranes. Osteoblasts express a molecule called RANKL on the cell membrane and 
by physically making contact with the osteoclast they initiate osteoclast activity by binding 
to RANK at the osteoclast membrane(111-114). However many details on where osteoclasts 
start their activity, why they stop resorbing bone and what triggers the osteoblasts to express 
RANKL are unknown.
It is generally believed that mechanical loading or deformation of the bone matrix is an im-
portant aspect in bone remodeling regulation. During normal bone turnover there is often a 
small defi cit in refi lling the resorption cavity by the osteoblasts. Therefore each BMU cycle 
results in a small amount of net bone loss. Disuse (unloading the bone) stimulates this net 
bone loss while mechanical loading counteracts it. Although several hypotheses have been 
proposed in the literature, it is unclear how the hormonal, paracrine and autocrine factors 
interact with mechanical loading (113, 115-118).
An important consequence of turnover is the renewal of bone and repair of microdamage 
within the matrix. However, abnormally high turnover leads relatively bone with a relatively 
lower mean age. Since the mineralization of bone is a slow process there is also a resultant 
reduction in mean mineralization and a concomitant reduction of bone stiffness(12, 119).
Simulation of bone adaptation in osteoarthritis
Previously in this paper we have demonstrated that the calcifi ed matrix stiffness is reduced 
and the bone volume fraction increased in osteoarthritis. We have also demonstrated that 
bone adaptation is most likely driven by either osteoblasts or the osteocyte network acting as 
mechanoreceptors at a local (matrix) level. It therefore seems plausible that the increase in 
bone volume fraction observed in osteoarthritis is an adaptive response to the increased bone 
strain that is experienced as the matrix becomes more compliant. In order to test whether 
this sequence of events is compatible with the concept of subchondral stiffening we have 
constructed a simulation of bone adaptation driven by matrix level strain. We have created 
models of the subchondral trabecular bone from high resolution microCT scans and simulated 
bone apposition in response to degeneration of the matrix. By analyzing the resulting appar-
ent Young’s modulus we could investigate the compatibility of the concept of subchondral 
stiffening with that of a reduced matrix modulus.
Cylindrical bone specimens of epiphyseal trabecular bone were obtained post mortem from 
the medial compartment of 4 donors (ages: 58, 61, 62, 80)(120). The donors had no record 
of musculoskeletal disease and the donor tibiae did not exhibit any macroscopic pathology. 
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The samples were taken 1mm distal to the subchondral bone plate, were 7.5mm in both 
diameter and length and were orientated such that the axes of the cylinders were parallel to 
the longitudinal axes of the tibiae. Specimens were scanned with a 3D voxel size of 20 µm 
using a microtomographic system (µCT20, Scanco Medical AG., Zurich, Switzerland).
Cubic data sets were extracted from the resulting image stacks. Each cube was taken from 
the centre of the sample and had an edge length of 4.3mm. The image data were converted 
into fi nite element models with 20 x 20 x 20 µm 8 node brick elements and isotropic mate-
rial properties. A linear elastic modulus of 5 GPa and Poisson’s ratio of 0.3 were assigned 
to all bone elements and confi ned compression tests were simulated(20, 23, 24, 68). The 
models were solved using in-house code that implemented the element-by-element method 
on a desktop computer(20). The apparent stiffness(quotient of applied stress and the applied 
strain at the scale of the entire sample) of each sample was then calculated from the output of 
the fi nite element models.
Degeneration of the calcifi ed matrix and the subsequent adaptation process was simulated 
using an inverse approach. Instead of reducing the elastic modulus of the elements and then 
incrementally adding bone voxels, the adaptive response was fi rst simulated by adding bone 
voxels to all surfaces using a dilation algorithm (Morph3D, R.A. Peters, Vanderbilt Univer-
sity). These bone voxels were assigned the same material properties as the existing matrix 
resulting in homogenous matrix properties. Next, the fi nite element models were solved and 
the maximal principal strain was calculated for each element. Because of their linear nature of 
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Figure 4.4: Results of the adaptive bone model. The matrix modulus(x axis) of each sample was 
initially assigned a value of 5Gpa and the apparent moduli of the 4 samples were calculated(y 
axis). The matrix modulus was then reduced for each specimen and the adaptive response was 
simulated. The new apparent modulus was then plotted. This was continued until the sample 
was a solid block. The initial bone volume fraction of each sample is indicated in the legend.
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the fi nite element models, the matrix modulus could be scaled to a value that would normalize 
the median strain for the model. By repeating this process for a number of steps a tissue 
response curve could be generated. 
As expected, an increase in the bone volume fraction was necessary to compensate for the 
decreased matrix modulus. In spite of the decline in the local matrix modulus, the increase in 
volume fraction resulted in an overall increase in the apparent modulus of the models (Figure 
4.4). When the matrix modulus was reduced to 25% of its original value the adaptive response 
led to a solid block of bone with an apparent Young’s modulus that was 4 times the original. 
A more moderate (and realistic) reduction of 20% for the matrix modulus resulted in a 25% 
increase in the apparent Young’s modulus.
More on bone matrix properties in osteoarthritis
The reason for a reduced bone matrix modulus in osteoarthritis is unclear. Possible expla-
nations include: lower mineralization levels due to increased bone remodeling, abnormal 
mineralization or defects in the collagen matrix.
While there is some debate on whether systemic breakdown of mature collagen is elevated in 
arthritic patients(121-125), there is considerable evidence that remodeling activity is increased 
in the subchondral bone of arthritic joints(57, 94). Increased remodeling activity results in a 
lower mean age of the bone matrix by reducing the time available for passive mineralization 
of the matrix(12). Thus increased remodeling activity results in a lower mean level of miner-
alization, and thus a reduced modulus in osteoarthritic bone(71, 93, 101, 126-128).
In addition to lower mineralization levels, there have also been observations of abnormalities 
in the collagenous matrix of osteoarthritis bone. Bailey et al.(90) have reported both increased 
collagen hydroxylation and the presence of an unusual type I homotrimer [(α1)3] as opposed 
to the normal heterotrimer [(α1)2(α2)1] in osteoarthritic subchondral bone. Both increased 
hydroxylation and the formation of a type I homotrimer have been linked to a reduction in 
bone mechanical properties(129, 130). 
We have reported an increase in the proportion of denatured collagen in the epiphyseal tra-
becular bone of donors with mild cartilage damage (i.e. early osteoarthritis)(131). In brief, 
trabecular bone samples were harvested from donors with early-stage osteoarthritis and 
normal controls. These samples were decalcifi ed in EDTA before selectively digesting de-
natured collagen using α-chymotrypsin. By comparing the amount of hydroxyproline in the 
supernatent to that in the remaining insoluble matrix, the proportion of denatured collagen 
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with respect to intact collagen could be measured in each specimen(80). We found a 22% 
increase in denatured collagen in the medial condyle of the arthritic donors with respect 
to controls(Figure 4.5). It has previously been demonstrated that mechanical toughness is 
inversely correlated to the denatured collagen content of bone(31). The presence of elevated 
levels of denatured collagen may be the result of increased levels of MMPs in osteoarthritic 
bone(74, 127).
Discussion
Recent advances have made it possible to examine the mechanical properties of bone matrix 
at multiple levels of organization. New methods such as high-resolution ultrasound and na-
noindentation can be used to resolve the mechanical properties of bone osteons at the scale 
of single lamellae. Comparatively, the fi nite element derived matrix modulus is in fact the 
average effective matrix stiffness throughout the whole sample and includes effects such as 
trabecular architecture, matrix porosity, microdamage etc. In this paper we have described 
a reduction in the matrix Young’s modulus in osteoarthritic bone as measured by multiple 
methods(23, 72, 73, 79). At this time, we are only beginning to understand the underlying 
chemical and/or physical explanation of this phenomenon. Reduced matrix properties may 
be, in part, due to hypomineralization of the bone matrix; a normal consequence of the in-
creased remodeling activity in osteoarthritic joints. However, it is also likely that there is 
also a contribution due to degradation of the collagen network as evidenced by the presence 
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Figure 4.5: Denatured collagen content of subchondral trabecular bone in donors with early 
osteoarthritis. The amount of denatured collagen was measured for each sample using a selec-
tive digestion technique. Denatured collagen content was increased by approximately 22% in 
the arthritic medial condyle.
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of increased collagen hydroxylation, an unusual collagen homotrimer and an increase in 
denatured collagen content.
We have applied a simulation model to investigate the apparent paradox of subchondral stiff-
ening in the presence of reduced bone quality (matrix stiffness). We employed an equilibrium 
model constructed assuming homogenous tissue properties and neglecting the temporal as-
pects of the bone remodeling cycle (11, 132). The model demonstrates that, in an equilibrium 
state, the concept of subchondral stiffening at the apparent level is not incompatible with 
reduced calcifi ed tissue stiffness when adaptation is driven by strain at the cell level. The 
model does not attempt to model the full remodeling cycle (i.e. resorption and formation 
phases) and does not examine the possibility of phase lags between tissue level degeneration 
and the adaptive response. The presence of a phase lag between degeneration of the matrix 
and the adaptive response may explain why an increased apparent modulus is reported in 
end-stage osteoarthritis(72, 73, 79, 133) and a decreased apparent modulus is reported in less 
severe osteoarthritis(23, 133).
In vivo it is likely that the driving factors behind the formation of pathological bone are more 
complex than the adaptive model proposed here. It is unlikely that such a model can explain 
the formation of subchondral cysts or osteophytes. However, a great deal of insight into the 
disease progress can be gained by applying such models. For example, we can apply this 
model to the original hypothesis proposed by Radin who suggested that subchondral sclerosis 
in osteoarthritis created stiffness gradients in the subchondral bone resulting in shearing of 
the overlying cartilage. From the model results we can see that it is possible for the reduced 
matrix modulus to result subchondral stiffening but from the experimental data it is likely that 
this is preceded by a period of increased compliance of the subchondral bone(23, 62, 133). It 
is of interest to note that the presence of a compliant region of subchondral bone would still, 
however, create stiffness gradients in the subchondral bone and thus shearing of the overlying 
cartilage.
Subchondral bone and overlying cartilage perform as a functional unit. Presently little is 
known about the interaction between the cartilage and bone in the etiology of osteoarthritis. 
Recent research indicates that bone is intimately involved in disease progression. While there 
is currently little evidence of a direct cause and effect relation between subchondral bone scle-
rosis and degeneration of the overlying cartilage, recent studies using bisphosphonates(bone 
antiresorptive compounds) have yielded interesting results with regard to both pain and 
cartilage degeneration(134-136). Thus, true understanding of the etiology of osteoarthritis 
will require study of all of the tissues of the joint.
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Bisphosphonate treatment affects trabecular bone 
apparent modulus through micro-architecture rather 
than matrix properties
JS Day, M Ding, P Bednarz, JC van der Linden, T Mashiba, T Hirano, CC Johnston, 
DB Burr, I Hvid, DR Sumner, H Weinans
Abstract
Bisphosphonates are emerging as an important treatment for osteoporosis. But whether the reduced 
fracture risk associated with bisphosphonate treatment is due to increased bone mass, improved 
trabecular architecture and/or increased secondary mineralization of the calcifi ed matrix remains 
unclear. We examined the effects of bisphosphonates on both the trabecular architecture and matrix 
properties of canine trabecular bone. Thirty-six beagles were divided into a control group and 2 
treatment groups, one receiving risedronate and the other alendronate at 5 to 6 times the clinical 
dose for osteoporosis treatment. After one year, the dogs were killed, and samples from the fi rst 
lumbar vertebrae were examined using a combination of micro-computed tomography, fi nite ele-
ment modeling, and mechanical testing. By combining these methods, we examined the treatment 
effects on the calcifi ed matrix and trabecular architecture independently. Conventional histomor-
phometry and microdamage data were obtained from the second and third lumbar vertebrae of 
the same dogs (Mashiba et. al. 2001 Bone 28:524-31). Bisphosphonate treatment resulted in an 
increased apparent Young’s modulus, decreased bone turnover, increased calcifi ed matrix density, 
and increased microdamage. We could not detect any change in the effective Young’s modulus 
of the calcifi ed matrix in the bisphosphonate treated groups. The observed increase in apparent 
Young’s modulus was due to increased bone mass and altered trabecular architecture rather than 
changes in the calcifi ed matrix modulus. We hypothesize that the expected increase in the Young’s 
modulus of the calcifi ed matrix due to the increased calcifi ed matrix density was counteracted by 
the accumulation of microdamage. 
Day JS, Ding M, Bednarz P, van der Linden JC, Mashiba T, Hirano T, Johnston 
CC, Burr DB, Hvid I, Sumner DR, Weinans H. Bisphosphonate treatment affects 
trabecular bone apparent properties through micro-architecture rather than matrix 
properties. Journal of Orthopaedic Research 22(3):465-71 (2004).
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Introduction
Bisphosphonates, specifi c inhibitors of bone resorption, are gaining importance in the treatment 
of osteoporosis (137, 138). Bisphosphonates inhibit osteoclast activity on the bone surface by 
causing early osteoclast death, thus reducing the remodeling space, i.e., the amount of bone 
undergoing active remodeling at any specifi c time (139, 140). Bone mineral density (BMD) 
as measured by dual energy X-ray absorptometry is increased by increasing either the total 
volume of bone (bone mass) or the mineralization of the calcifi ed bone matrix (141-143). It 
has been demonstrated that the activation frequency (a histological measure of new resorption 
sites) is reduced during bisphosphonate therapy (144, 145), temporarily disrupting the normal 
equilibrium between bone resorption and formation. Although the number of new resorption 
sites is reduced early in the therapy program, the existing formation sites continue to produce 
new bone matrix. The resultant phenomenon, known as the bone remodeling transient, is as-
sociated with a rapid gain in bone mass early in the treatment period. This transient behaviour 
continues until the active remodelling sites are fi lled in by osteoblast activity, reducing the 
remodelling space until a new equilibrium is reached. The amount of bone affected by the 
remodelling transient is determined by the change in the number and size of active remodel-
ling units and the duration of the resorption and formation phases (12, 146). In addition to its 
effect on the remodelling space, the reduction in activation frequency also results in a slower 
equilibrium remodeling rate. Because bone turnover is reduced, the average age of the bone 
packets within the calcifi ed matrix is increased. This results in increased matrix mineraliza-
tion (143, 147). The therapeutic effect of the bisphosphonate alendronate is thought to be due 
primarily to an increase in mineralization (143, 148). While increased mineralization should 
result in stiffer bone material (149), concern exists that this ‘frozen bone’ might become 
brittle and/or accumulate microdamage (150, 151). Microdamage accumulation is normally 
prevented by remodelling, and resorption spaces can be initiated by microdamage (29, 152, 
153). Accumulated microdamage can contribute to a reduction of bone Young’s modulus, 
strength, and toughness and could possibly increase fracture risk (28, 154).
Recently, it has become possible to quantify the effect of changes in architecture and bone 
mass on the apparent mechanical behavior of bone independent of the mechanical properties 
of the calcifi ed matrix. Micro-computed tomography (microCT) scanning and automated 
fi nite element (FE) methods (20) can be combined to create a powerful method for the study 
of treatment-induced changes in bone architecture at the trabecular level (10- 20µm). Further, 
changes in the Young’s modulus of the calcifi ed matrix (hereafter referred to as the matrix 
modulus) can be investigated by combining these methods with conventional mechanical 
testing (23, 68). Thus, the contributions of both matrix properties and trabecular architecture 
to the overall apparent modulus can be evaluated (Figure 5.1).
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In this study we examined the effect of long-term treatment with high doses of two bisphos-
phonates, alendronate and risedronate, in a canine model. We investigated the changes induced 
by bisphosphonate treament to both bone architecture and matrix modulus as well as their 
contributions to the apparent Young’s modulus. To interpret our fi ndings, we examined the 
effect of bisphosphonates on remodeling, matrix mineralization, and microdamage accumula-
tion. Specifi cally, we tested the hypothesis that high dose bisphosphonate treatment leads to 
increased secondary mineralization and consequently an increase in the matrix modulus.
Methods
Experimental design
The experimental design used in this study has been reported previously and will be briefl y 
summarized (151). Thirty-six female beagle dogs aged 1 to 2 years (control: 1.2 ± 0.4, rise-
dronate: 1.1 ± 0.2, alendronate: 1.2 ± 0.2 (y.o. ± SD)) were divided into 3 weight matched 
groups. Dogs in the two treatment groups were treated daily with risedronate (Procter and 
Gamble Pharmaceuticals Inc., Cincinnati, OH) orally at a dose of 0.5 mg/kg/day or alendro-
nate (Merck and Co., Inc., West Point, PA) orally at 1.0 mg/kg/day. Long-term treatment was 
simulated using doses that were 5 to 6 times higher than the clinical dose for osteoporosis. 
All dogs were treated for 12 months, then killed, and the fi rst, second, and third lumbar 
vertebrae were removed. All procedures were in accordance with approved NIH guidelines, 
under a protocol approved by the Indiana University School of Medicine Animal Care and 
Use Committee (Study #MD 1783).
Specimen preparation: MicroCT and mechanical testing
One cubic trabecular bone specimen with dimensions 5x5x5 mm was produced from the 
center of each fi rst lumbar (L1) vertebral body, aligned with the anatomical axes in the cra-
apparent level
matrix level
Figure 5.1: Defi nitions of the apparent level and the matrix level. The matrix modulus was 
defi ned as the modulus effective at the scale of tens to hundreds of microns. The apparent 
modulus was effective at the scale of millimeters to centimeters and includes both the infl u-
ence of the matrix modulus and the infl uence of trabecular architecture.
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nial-caudal (CC), anteroposterior (AP), and medial-lateral (ML) planes. Low speed, water 
cooled diamond saws (EXAKT Apparatenbau, Norderstedt, Germany; Ernst Leitz Wetzlar 
GmbH, Wetzlar, Germany) were used for all sample preparation. Samples were stored in 
sealed plastic tubes at -20°C, and care was taken to keep specimens moist during scanning 
and testing.
A high-resolution microCT system (µ-CT 20, Scanco Medical AG., Zürich, Switzerland) was 
used to scan the specimens, resulting in reconstructions with 18x18x18µm cubic voxels. The 
microCT images were segmented using thresholds chosen such that the volume of the dataset 
matched that determined physically using Archimedes’ principle (63). Archimedes’ principle 
was also used to determine the bone volume fraction (BV/TV) and the density of the calcifi ed 
matrix.
After scanning, each cubic specimen was tested in compression in an 858 Bionix MTS hy-
draulic material testing machine (MTS Systems Corporation, Minneapolis, MN). Specimens 
were tested non-destructively in compression to 6000 µstrain (apparent strain) at a strain rate 
of 2000µstrain /sec in the AP and ML directions to determine the apparent Young’s modulus. 
The apparent Young’s modulus of each sample was calculated as the tangent of the linear 
portion of the stress strain curve at 5000 µstrain for the non-destructive tests (AP and ML 
directions). The specimens were then tested to failure in the CC direction with the same 
strain rate. The apparent Young’s modulus in this direction was defi ned as the slope of the 
steepest portion of the stress-strain curve. Yield stress was defi ned as the intercept between 
the stress-strain curve and the line used to defi ne the Young’s modulus offset by 0.2% strain. 
Ultimate stress was defi ned as the peak stress encountered during testing. All testing was 
performed on polished platens lubricated with a low viscosity mineral oil to reduce the effect 
of friction (17).
Finite element models
The matrix modulus was calculated for all three directions using a combination of fi nite 
element modeling and mechanical testing. This combination was used because it enables the 
total apparent modulus to be partitioned into contributions due to the matrix modulus and 
trabecular architecture (20). All voxel microCT data were coarsened to 36 µm, then converted 
to a fi nite element mesh of 8 node cubic elements. Coarsening was performed using a bone 
volume-preserving algorithm (64). The resulting meshes typically consisted of 400,000 to 
700,000 elements. All elements were assigned an arbitrary matrix modulus of 1 GPa and a 
Poisson ratio of 0.3. Boundary values were assigned to simulate an unconstrained compres-
sion test with no friction at the platens. Because we used a matrix modulus of unity with a 
linear fi nite element analysis, the apparent modulus obtained from the fi nite element model 
can simply be scaled to match the apparent modulus from each of the mechanical tests. The 
resulting scaling factor can be considered the matrix modulus of the sample (20). This modu-
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lus represents the average stiffness of the voxels of the bone matrix under the assumption of 
homogeneous isotropic tissue properties.
Simulation of increased mineralization
Bisphosphonate treatment has been previously observed to result in both increased mineral-
ization and a loss of the normal mineralization gradient between superfi cial and interstitial 
bone (12, 147, 148). We used 4 FE meshes from the residronate treated group to predict the 
effects of altered mineralization on the apparent modulus. Two conditions were simulated: 
homogenous mineralization representing bisphosphonate treated bone and a heterogenous 
mineralization that was more representative of normal bone with lower mineralization at the 
surface and higher mineralization of the interstitial bone (155). To accomplish the simula-
tions, an image erosion algorithm was used to identify bone voxels within 36 µm of the 
surface. A 5% increase in total mineralization was assumed for the bisphosphonate treated 
samples (145, 147, 148). By assuming that bisphosphonate treatment mostly affected surface 
voxels, a lower relative mineralization was calculated for the normal surface voxels. We 
then used either a linear or cubic relation as the extreme boundaries for the relation between 
mineral content and Young’s Modulus (149). After solving the FE models we compared the 
apparent modulus in the CC direction for the normal (inhomogenous properties) and the 
treated (homogeneous properties) models.
Histomorphometry and microdamage
Dynamic histomorphometry and microdamage data from the second and third lumbar verte-
brae respectively were obtained from a previous study of the same animals. The following 
parameters were used in the current paper to aid interpretation of the results: Activation 
Frequency (Ac.F), Bone Formation Rate/Bone Surface (BFR/BS), Osteoid Surface/Bone 
Surface (OS/BS), Crack Number (Cr.N), Crack Length (Cr.Le), Crack Density (Cr.Dn), and 
Crack Surface Density (Cr.S.Dn) (156).
Statistical analysis
The statistical analyses included two-way analyses of variance for repeated measures for the 
experimental apparent modulus, apparent modulus predicted by the FE models, and matrix 
modulus. The group (normal, risedronate, or alendronate) was used as the between-subjects 
factor and testing direction (cranial-caudal, anterior-posterior, medial-lateral) as the within-
subjects factor. Bone volume fraction, matrix density, histomorphometric parameters, and 
microdamage parameters were analyzed using standard analysis of variance. When signifi cant 
main effects were found, specifi c comparisons were made with Dunnett two-sided t-tests. 
In all cases, the exact p values are given; we considered p < 0.05 to represent signifi cant 
effects.
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A stepwise multiple regression analysis was used to assess the suitability of the FE models 
for the prediction of the apparent modulus measured in three directions in the laboratory. In 
this model the dependent variable was the measured apparent modulus and the independent 
variables were apparent modulus predicted by FE, testing direction, and the treatment group. 
Correlation analysis was used to examine the relations between the matrix density, matrix 
modulus, and both remodelling and microdamage parameters. Statistical analyses were per-
formed using SPSS version 8.0 (SPSS Inc., Chicago, IL, USA).
Results
One dog was excluded due to distemper at the start of treatment, and one vertebra was de-
stroyed during preparation. This left 11 control, 11 risedronate-treated, and 12 alendronate-
treated dogs.
Bisphosphonate treatment resulted in an increase in the bone volume fraction and calcifi ed 
matrix density as determined using Archimedes’ principle. The increase of approximately 
2% in matrix density was signifi cant for both treatments, but the change in BV/TV was only 
signifi cant for the risedronate group where the increase was 18% (Table 5.1).
The experimentally measured apparent modulus was affected by bisphosphonate treatment 
(p = 0.001). A signifi cant effect of direction (p < 0.001) and an interaction between direc-
tion and treatment (p = 0.018) were found. On average, the risedronate treated group was 
37% stiffer than the control group (p=0.001). No signifi cant difference was found in the 
alendronate group (p=0.215; Figure 5.2A). The apparent modulus predicted by the FE models 
(contribution of trabecular architecture and bone mass) was also affected by bisphosphonate 
treatment (p = 0.001) with effects similar to the mechanical tests (Figure 5.2B). As in the 
mechanical testing, there was a signifi cant effect of direction (p < 0.001), but no interaction 
between direction and treatment (p = 0.246). The predicted apparent modulus in the risedro-
nate group was approximately 40% higher than the control group (p < 0.001). No signifi cant 
effect of alendronate treatment was found (p = 0.283; Figure 5.2B). The matrix modulus 
was not signifi cantly affected by treatment (p = 0.517), nor was there signifi cant interaction 
between direction and treatment group (p = 0.893). Direction signifi cantly affected the matrix 
modulus, which was 20 to 30% larger in the CC than in the AP or ML directions (p < 0.001; 
Figure 5.2C). Bisphosphonate treatment resulted in an increase in both the ultimate stress and 
the yield stress. However, after correcting for architecture, this difference was not signifi cant 
(Table 5.1).
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Apparent Modulus - Physical Testing
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Figure 5.2A: Apparent Young’s modulus from physical testing. Two-way ANOVA indicated an 
effect of treatment (p = 0.015) and direction (p < 0.001). Risedronate treated samples were 
signifi cantly stiffer than the control group (p = 0.012).
Apparent Modulus - FE Model
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Figure 5.2B: Relative modulus calculated using FE models. Two-way ANOVA indicated an effect 
of treatment (p = 0.001) and direction (p < 0.001). The simulated apparent modulus of risedro-
nate treated samples was signifi cantly stiffer than the control group (p =< 0.001).
Calcified Matrix Modulus
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Figure 5.2C: Matrix modulus. Bisphosphonate treatment had no effect on the matrix modulus 
(p = 0.699). There was an effect of direction (p < 0.001).
Figure 5.2: Mechanical testing and FE simulation results. Cubes of trabecular bone from the 
fi rst lumbar vertebra were tested in three directions in compression (Fig. 2A). FE models with 
a matrix modulus of 1 GPa were used to quantify the contribution of trabecular architecture 
(Fig. 2B). The mineralized matrix modulus was the scaling factor between the physical tests 
and the FE simulated results (Fig. 2C). Testing directions were cranial-caudal (CC), anteropos-
terior (AP) and medial-lateral (ML). Results (mean + SEM) are grouped by test direction on the 
x-axis of each graph. Treatment group is indicated by the shading of the bars.
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In the multiple regression analysis, the FE models (i.e., effect of architecture and bone mass) 
accounted for 89.3% (p < 0.0001) of the variance in the experimentally measured modulus. 
A small architecture independent effect of direction was found, which contributed to 0.5% of 
the variance (p = 0.04). Treatment group and direction-group interaction were not signifi cant. 
The residual variance was 10.2%.
To estimate the statistical power of our results, we simulated the predicted effect of increased 
mineralization on the matrix modulus. We assumed an increase of 5% in the mineralization 
of the bisphosphonate treated group. For bone with a mineral fraction of approximately 40%, 
this agreed well with our observed matrix density measurements. Based on the simulations 
we predicted that the matrix modulus should increase by between 5% (conservative linear 
model) and 14% (cubic model) in the treated animals. From these simulations we could 
estimate that, for the sample size used, the power (β) to detect a difference in the group 
mean matrix modulus with a two-sided t-test (α=0.05) was between 0.12 (for the conservative 
linear model) and 0.65 (for the cubic model). Because of the limited power of our results, care 
must be taken when comparing the group means for matrix modulus. 
Because one sample from the control group was destroyed during preparation, we reworked 
our previous data (156), which are included in Table 5.1. From these data a large signifi cant 
decrease in bone remodeling activity is apparent in the bisphosphonate treated groups, as 
well as an increased microdamage burden in the treated animals as indicated by signifi cant 
increases in Cr.N, Cr.Dn and Cr.S.Dn.
Linear regression analysis revealed that the matrix density was signifi cantly correlated to both 
the remodeling (ES/BS r=-0.555, p=0.001; OS/BS r=-0.594, p < 0.001; BFR/BV r=0.487, 
p=0.004; Ac.F r=-0.353, p=0.044) and microdamage parameters (Cr.N r=0.456, p=0.007; 
Cr.Dn r=0.412, p=0.015; Cr.S.Dn r=0.511, p=0.002). The matrix modulus, however, was not 
signifi cantly correlated to the matrix density, remodelling, or microdamage parameters.
Discussion
The major purpose of this study was to determine whether the increased levels of matrix 
mineralization seen after long-term bisphosphonate therapy affected the matrix mechanical 
properties. We used a high dose to simulate long-term effects in the bone. Bone remodeling 
was greatly reduced, resulting in both a 2% increase in the matrix density (indicative of 
increased mineralization) and increased microdamage accumulation. By using a combination 
of FE modelling, microCT scanning, and mechanical testing, we investigated the effects of 
treatment on the apparent Young’s modulus, bone architecture, and calcifi ed matrix proper-
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ties. A signifi cant increase of the apparent modulus was observed in the risedronate treated 
group. This increase was predicted by the FE models, indicating a strong effect of trabecular 
architecture and bone mass. The importance of architecture was further indicated by the 
results of the multiple regression analysis where 89.3% of the variance in the mechanical 
testing was accounted for by the FE models with no independent effect of treatment group 
(an effect of treatment group would indicate a group specifi c difference independent of the 
FE results, i.e., matrix modulus). Although the matrix density was increased, there were no 
signifi cant differences in the group mean matrix moduli.
A limitation of our study design is that we used intact, ‘normal’ dogs. In an osteoporotic 
population bone turnover is likely increased, resulting in lower mean mineralization of the 
calcifi ed matrix. Hypomineralization in an osteoporotic population could lead to a decrease of 
the matrix modulus compared to the ‘normal’ population used in this study.
Using microCT scans to create trabecular level FE models requires that the scan be of suf-
fi cient resolution and quality to resolve individual trabeculae accurately. Our use of 36µm 
voxels and individual thresholds was suffi cient to create accurate meshes (156). We found 
an average matrix modulus of 5.9 GPa, well within the range previously reported using this 
method (20, 23, 25, 157). Initially, we were concerned that the reduction in the amount of 
osteoid in the bisphosphonate treated groups could bias our segmentation of the CT data. 
Calculations indicated that the quantity of unmineralized osteoid tissue was not large enough 
to infl uence the choice of thresholds (data not shown). Further, we found no signifi cant rela-
tion between OS/BS and matrix modulus (0.41 < p < 0.72 for Pearson correlation depending 
on direction) and concluded that this factor had little or no effect on the model results.
We found that the matrix modulus was infl uenced by the testing direction (Figure 5.2C). This 
could be due to preferential loss of material due to thresholding in the presence of strong 
anisotropy at the trabecular level (158), nonideal behaviour (i.e. buckling of trabeculae) that 
is not represented in the FE model’s boundary conditions (15, 70), nonideal behavior of the 
model’s linear brick-shaped elements (16), or true material anisotropy at the sub-trabecular 
level (159).
Clinically a large increase in BMD has been observed in the fi rst year of antiresorptive therapy. 
Following this, BMD either slowly increases or reaches a plateau (160, 161). It was believed 
that the initial gain in BMD was indicative of an increase in bone mass due to the transient 
change in remodeling space and that the later gain in BMD was the result of increased min-
eralization. It has recently been suggested that increased secondary mineralization, rather 
than bone mass, is responsible for the reduced fracture risk after alendronate therapy (148). 
In a two-year clinical study of alendronate therapy, the authors observed an increase in spinal 
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BMD, but no signifi cant increase in bone mass in transiliac biopsies. Analysis of the biopsies 
by contact microradiography revealed 9.3% and 7.3% increases in the mean degree of min-
eralization of cortical and trabecular bone, respectively. Based on these fi ndings, the authors 
concluded that the reduction of fracture incidence was due to secondary mineralization rather 
than increased bone mass. This contradicts a previous study of ovariectomized primates 
where an increase in the bone volume fraction was measured after two years of treatment with 
alendronate as compared to saline vehicle treated animals (162). The extrapolation of results 
obtained from iliac biopsies to spine BMD as measured by DEXA is tenuous as this study was 
underpowered to detect differences in the iliac crest. Also, large differences in remodelling 
can exist between the spine and iliac crest (163).
While it is logical that normalizing the mineralization of hypomineralized bone in osteoporot-
ics to normal levels should be benefi cial to the patient, the exclusion of the contribution of 
increased bone mass is not supported by our data. Although we predicted an increase of at 
least 5% for the matrix modulus based on our measurements of increased matrix density, 
we observed only small insignifi cant changes in the moduli of the calcifi ed matrix in the 
bisphosphonate treated groups (5% decrease in risedronate treated group and a 1% increase 
in the alendronate treated group; Figure 5.2C).
Based on our data, we conclude that the increased apparent modulus seen in bisphosphonate 
therapy results from increased bone mass and altered trabecular architecture. This is sup-
ported by a concurrent study of the three-dimensional morphology of specimens from the 
same animals (164). Our results are in agreement with the clinical data, where the greatest 
reduction in fracture risk occurs during the fi rst year of treatment, but fewer fractures are also 
found in subsequent years compared to placebo treated controls (27, 142, 165). It would seem 
likely that reduction of fracture risk seen clinically in bisphosphonate therapy is the result of 
the increase in bone mass early in the treatment as the remodeling space is ‘fi lled in’. Further 
increase in BMD through secondary mineralization could provide some benefi t in the short 
term at clinical doses but may be harmful to the patient in the long term as microdamage 
accumlates. In the present study there was a signifi cant positive correlation between tissue 
density and microdamage accumulation. We speculate that increased matrix mechanical prop-
erties due to mineralization may have been obscured by increased microdamage. Therefore, 
clinical dosing regimens should be chosen carefully to ensure adequate bone turnover.
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Chapter 6
The parallel plate model for trabecular bone exhibits 
volume fraction dependant bias
J.S. Day, M. Ding, A. Odgaard, D.R. Sumner, I. Hvid and H. Weinans
Abstract
Unbiased stereological methods were used in conjunction with micro computed tomographic 
(microCT) scans of human and animal bone to investigate errors created when the parallel plate 
model was used to calculate morphometric parameters. Bone samples were obtained from the 
human proximal tibia, canine distal femur, rat tail and pig spine and scanned in a microCT scanner. 
Trabecular thickness, trabecular spacing and trabecular number were calculated using the parallel 
plate model. Direct thickness, and spacing and connectivity density were calculated using unbiased 
three-dimensional methods. Both thickness and spacing calculated using the plate model were well 
correlated to the direct three-dimensional measures (r2 = 0.77-0.92). The correlation between tra-
becular number and connectivity density varied greatly (r2 = 0.41-0.94). While trabecular thickness 
was consistently underestimated using the plate model, trabecular spacing was underestimated at 
low volume fractions and overestimated at high volume fractions. Use of the plate model resulted 
in a volume dependant bias in measures of thickness and spacing (p < 0.001). This was a result 
of the fact that samples of low volume fraction were much more “rod-like” than those of higher 
volume fraction. In conclusion, our fi ndings indicate that the plate model provides biased results, 
especially when populations with different volume fractions are compared. Therefore we recom-
mend direct thickness measures when three-dimensional data sets are available.
Day JS, Ding M, Odgaard A, Sumner DR, Hvid I, Weinans H. Parallel plate model 
for trabecular bone exhibits a volume fraction-dependant bias. Bone 27(5):715-
20(2000).
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Introduction
Morphological properties of trabecular bone are often calculated by assuming that the 
structure consists of a series of parallel plates (166). Area fraction and bone perimeter are 
measured from histological sections. These values are then extrapolated into three dimen-
sions using stereological principles to estimate volume fraction and surface area which are in 
turn used to calculate trabecular thickness (TbTh), trabecular spacing (TbSp) and trabecular 
number (TbN). A summary of the calculations involved is included in the appendix. Because 
the area fraction and bone perimeter can be obtained from standard histological sections this 
method is used widely. However, trabecular bone does not consist of plates, but is in fact a 
mixture of complex irregular geometries which can at best be approximated as plates and 
rods. As a result, trabecular thickness and trabecular spacing derived using the plate model 
are often smaller than when measured directly in three dimensions and may include other 
model-dependant biases (43, 45, 167).
During the past decade new methods have been introduced to obtain three-dimensional da-
tasets of trabecular bone using serial sectioning (168), microCT (169) or MRI (170). New 
measures of three-dimensional architecture have accompanied these advances. The direct 
thickness method provides a model free measure of trabecular thickness (TbTh*) and tra-
becular spacing (TbSp*) (45). Using a three-dimensional representation of the trabecular 
architecture, a series of spheres is fi t inside of either the bone or marrow phase. The largest 
sphere associated with each bone or marrow voxel is found and used to calculate a volume 
weighted average thickness or spacing. Histograms can also be created to show the distribu-
tion of these parameters providing further details about the 3D architecture (45).
Connectivity density can also be calculated directly from three-dimensional datasets using 
topological principles. The connectivity represents the number of connections which can be 
severed without separating the network. This is considered to be the number of trabeculae 
minus one in a topological sense (49). Connectivity density is simply the connectivity per unit 
of volume. The trabecular number, as calculated using the plate model, is simply the inverse 
of the centre to centre distance between parallel plates and is calculated as the ratio between 
volume fraction and trabecular thickness. This measure is not necessarily an alternative to 
connectivity density, but has been used as such. 
In addition to the direct thickness method Hildebrand and Ruegsegger introduced another 
three-dimensional measure called the structure model index (SMI) which allows objective 
quantifi cation of how “rod-like” or “plate-like” an object is (46). A three-dimensional data 
set is used to create a smooth model of the bone surface. Using this model the surface area, 
fi rst derivative of surface area and volume are used to calculate the structure model index. 
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An object consisting purely of plates would have a structure model index of 0 and an object 
consisting purely of rods would have a structure model index of 3. Objects containing a mix-
ture of elements would have intermediate values. In our previous research, we have noted that 
the structure model index has a strong negative correlation to the volume fraction (171). This 
relation was also noted in a study of 4 sites in the human body (172). We were concerned that 
this change of structure type within bone samples of varied volume fraction could infl uence 
the histomorphometric parameters obtained using the plate model. The purpose of this work 
was to use unbiased three-dimensional methods to investigate the errors produced using the 
plate model with various types of bone samples.
Methods
Data were collected from four studies of trabecular architecture in the i) human proximal 
tibia, ii) canine distal femur, iii) rat vertebra and iv) porcine lumber spine. Human samples 
were acquired during a research project investigating the effects of aging in the proximal tibia 
(173). Forty samples were acquired from donors aged from 16 to 85 years. Samples were 
drilled out from the tibial condyles using a trephine with an inner diameter of 7.5 mm. They 
were cut 1 mm beneath the subchondral bone plate and again at the distal end to create a 7.5 
mm long sample. Canine distal femur samples were collected from 38 dogs aged from 14 to 
167 months. All canine samples were harvested from the femoral intercondylar fossa using 
a 9.5 mm trephine then cut to a length of 10mm. The fi rst three tail vertebrae were collected 
from 8 rats of age 6 months. These vertebrae were scanned intact. Eleven L3 lumbar vertebrae 
were harvested from 6 month old pigs. The vertebrae end plates and facets were removed and 
a brick shaped sample was cut from the trabecular core.
Specimens were scanned using a CT scanner with a maximum resolution of 20 µm (µCT 20 
Scanco Medical AG., Zürich Switzerland). Scanning resulted in cubic voxels with 22, 26, 11 
and 30 µm edge lengths for the human, canine, rat and pig samples respectively. After scan-
ning, the data sets were segmented using thresholds which were determined experimentally 
(63). Because the rat vertebrae were scanned intact, the trabecular core was digitally separated 
from the cortical shell by manually outlining the contour of the boundary in each specimen. 
A triangularized three-dimensional virtual object was created from the resulting voxel data. 
This object was used to determine the surface area of the trabecular bone. Trabecular thick-
ness (Tb.Th), trabecular spacing (Tb.Th) and trabecular number (Tb.N) were determined for 
all samples using the plate model. Bone volume fraction (Vv), direct trabecular thickness (Tb.
Th*) and spacing (Tb.Sp*), connectivity density (CD) and structure model index (SMI) were 
calculated directly from the three-dimensional data set.
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Unbiased quantifi cation of the connectivity required splitting the data set in order to avoid 
edge artifacts (49). This method has been described previously (173). In short, the dimensions 
of the data set are reduced by approximately 0.4 mm to create a smaller inner cylinder and an 
outer shell. The Euler number of the original set, the smaller cylinder and the outer shell are 
calculated and the Euler number of the interface is defi ned as the difference between the Euler 
number of the original object and the sum of the two smaller objects. Half of the connectiv-
ity of the interface is added to that of the inner cylinder before calculating the connectivity 
density of the cylinder. The entire data set was used to calculate all other parameters.
Statistical analyses were performed using a statistical software package (SPSS, SPSS Inc. 
Chicago, Illinois). Linear regression models were used to determine how well the model-
based parameters were correlated with the direct three-dimensional measurements. In order to 
determine whether volume fraction related changes in the structure type caused a bias in the 
plate model results, regression models were made for each of the parameters vs. the volume 
fraction and the ratio of the model-based/directly measured parameters vs. volume fraction. 
Differences in the slopes and intercepts in the two methods were evaluated using the 95% 
confi dence intervals. Stepwise linear regression was used to determine whether trabecular 
number was correlated to connectivity density after controlling for volume fraction.
Results
The model-based thickness (Tb.Th) and directly measured thickness (Tb.Th*) were well 
correlated as were the two measures of trabecular spacing (Tb.Sp, Tb.Sp*). However, the cor-
relation between trabecular number (Tb.N) and connectivity density (CD), while reasonable 
in the dog and pig, was low in humans. A summary of the regression analyses is displayed in 
Table 6.1.
The model-based trabecular thickness was consistently smaller than the directly measured 
thickness. The slopes of the two were not different when plotted against the volume fraction 
and the intercepts were different in the human and dog only. For trabecular spacing, the 
slopes and intercepts were different for the human and dog when plotted against the volume 
fraction. For the pig only the intercept was signifi cantly different and for the rat there were no 
signifi cant differences (Figure 6.1).
In order to further investigate the difference between the results from the plate model and 
the direct thickness method, the ratio of the two thickness measures and the ratios of the two 
spacing measures were plotted against the volume fraction (Figure 6.2A, B). There was a 
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dog human pig rat
Tb.Th vs. Tb.Th* slope 0.87 0.92 1.14 1.16
intercept -0.02 -0.04 -0.04 -0.02
r2 0.84 0.88 0.92 0.83
p < 0.001 0.001 0.001 0.001
Tb.Sp vs. Tb.Sp* slope 1.39 1.47 1.69 0.79
intercept -0.22 -0.22 -0.36 0.02
r2 0.77 0.80 0.78 0.75
p < 0.001 0.001 0.001 0.001
Tb.N vs CD slope 0.05 0.09 0.07 N.A.
intercept 1.20 1.29 1.18 N.A.
r2 0.75 0.41 0.94 N.A.
p < 0.001 0.001 0.001 N.A.
Table 6.1: Regression of the correlation between the 2D and 3D parameters. The p value indi-
cates the two-tailed probability that the slope of the regression line is not equal to zero.
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Figure 6.1: 2D and 3D parameters plotted at against varying volume fraction. Trabecular thick-
ness was consistently underestimated by the plate model. For trabecular spacing the plate 
model overestimated spacing at low volume fractions but underestimated as the volume frac-
tion increased.
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signifi cant relation in all cases (Table 6.2). This trend did not always exist for the trabecular 
number/connectivity density ratio (Figure 6.2C).
Although the one-dimensional trabecular number is not directly comparable to the three-
dimensional connectivity density there was a moderate correlation between these parameters 
(Table 6.1). Stepwise linear regression indicated that prediction of the connectivity density 
was signifi cantly increased when the trabecular number was added to a model of volume 
fraction alone (p < 0.05).
 
As was the case in our previous studies, there was a strong inverse relation between structure 
model index and volume fraction (Figure 6.3).
Discussion
In this work we have shown that there is a volume fraction dependant bias in the morpho-
metric parameters determined using the plate model. A similar bias has previously been noted 
in a two-dimensional comparison of directly measured and model-based thickness (167). 
As illustrated by the nearly parallel regression lines in Figure 6.1, there was a consistent 
difference up to 40 microns between the model-based and directly measured trabecular thick-
ness, independent of volume fraction. Hildebrand et.al (172) have previously reported that the 
plate model underestimates trabecular thickness. This fi nding has been repeated in our study. 
dog human pig rat
Tb.Th/Tb.Th* vs. Vv slope 0.67 0.75 0.76 0.70
intercept 0.60 0.49 0.70 0.67
r2 0.68 0.48 0.79 0.75
p < 0.001 0.001 0.001 0.001
Tb.Sp/Tb.Sp* vs. Vv slope -1.98 -1.59 -0.28 -0.11
intercept 1.29 1.46 1.34 0.93
r2 0.76 0.78 0.91 0.03
p < 0.001 0.001 0.001 N.S.
Tb.N/CD vs. Vv slope -0.24 -0.06 -0.81 N.A.
intercept 0.18 0.28 0.30 N.A.
r2 0.15 0.00 0.89 N.A.
p < 0.05 N.S. 0.001 N.A.
Table 6.2: Regression of the volume fraction dependant bias. The p value indicates the two 
tailed probability that the slope of the regression line is not equal to zero.
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However, the magnitude of the increase in thickness relative to increased volume fraction was 
similar for both the two-dimensional and three-dimensional methods. This could be problem-
atic if changes in thickness measured using the plate model are interpreted as percentages 
of the original thickness. In this case, use of the plate model would result in exaggerated 
relative changes in thickness. This is clearly illustrated in Figure 6.2. The relation between 
model-based and directly measured trabecular spacing was not as simple as for thickness. 
Plate model spacing was neither consistently underestimated nor overestimated (Figure 6.1). 
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Figure 6.2: Illustration of volume fraction dependant bias in trabecular thickness, spacing and 
trabecular number. The ratio between the model-based and directly measured parameters 
were plotted against the volume fraction.
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The difference in the slopes of the regression lines resulted in the volume fraction dependant 
bias, which is illustrated in Figure 6.2.
In order to use model-based methods to determine morphological parameters, assumptions 
must be made about the structure of the material. Although the plate model can be modifi ed 
for use with rod-like or plate-like materials, the model type cannot be used effectively when 
materials are composed of an unknown proportion of plates and rods. It is the requirement 
for a fi xed model type that leads to bias in the model. By using the structure model index to 
measure how “rod-like” or “plate-like” the samples used in this study were, the mechanism 
responsible for bias in the plate model could be demonstrated (Figure 6.3). Structure model 
index had strong inverse relation to volume fraction i.e. as the volume fraction increased the 
structure model index decreased indicating that the material was more plate-like. The inverse 
relation between structure model index and volume fraction may be due to the perforation of 
trabecular plates during resorption. As plate-like trabeculae are perforated, they become more 
rod-like and present a higher surface area. Thus, their trabecular thickness is systematically 
underestimated using the plate model. The converse is true when using a rod based model. As 
volume fraction increases there are more plate-like structures whose thickness is systemati-
cally overestimated. The strong relation between structure model index and volume fraction 
has been noted in previous three-dimensional studies of trabecular architecture (171, 172).
Connectivity is a measure of number of branches in the trabecular network that may be cut 
without separating the structure. As a topological property, connectivity density can not 
be measured using 2D data. However, the trabecular number and connectivity density, or 
connectivity per unit volume, were signifi cantly correlated. This has been demonstrated 
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Figure 6.3: Structure model index was plotted against the volume fraction. A material com-
posed of ideal rods would have a structure model index of 3 whereas a structure composed 
only of plates would have a structure model index of 0. There was a strong negative correla-
tion between structure model index and volume fraction.
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previously (49). There was no signifi cant volume fraction related bias in the ratio of the 
two connectivity measures. Stepwise regression analysis indicated that the trabecular number 
was a better predictor of connectivity density than volume fraction alone, in particular for 
the canine bone. This would indicate that the trabecular number does have some utility in 
estimating the connectivity density. However, the use of connectivity as a measure of bone 
quality is a hotly debated subject (174-176).
Although unbiased 3D methods have been presented in the literature, model-based methods 
are still commonly used to examine 3D data sets (177-180). Where three-dimensional data 
are available only direct unbiased methods should be used to measure histomorphometric 
parameters.
In this work, we have chosen to use the direct thickness measure (45) as a “gold standard.” 
This method calculates a volume weighted average thickness from a three-dimensional data 
set and assigns heavier weighting to larger trabeculae. It is possible that thin trabeculae form 
the “weak link” in terms of the mechanical properties of the structure. Another possibility 
for weighting includes skeletonizing the trabecular structure and calculating the thickness at 
regular intervals along the branches. This produces a length-weighted measure of trabecular 
thickness and has been used in a two-dimensional study of trabecular bone (181).
The results presented in this work are from a small number of selected locations and do not 
represent the full range of volume fractions seen in the body. In the samples investigated 
there was a strong negative correlation between volume fraction and the structure model 
index. This indicates that bone becomes more “rod-like” at lower volume fractions and that 
this trend is quite predictable. If true, one may be tempted to make a generalized correction to 
the plate model such that it can be adjusted to more accurately represent the direct thickness. 
One may try to justify this correction by the high correlation between the direct and model-
based methods. However, our results varied with the species investigated and may be further 
affected by the scanning resolution. Additionally, it must be stressed that this relation may not 
be valid for diseased bone. Thus, a generalized correction to the plate model is not appropriate 
for the study of pathologic states or drug treatments.
The plate model is commonly used in studies where changes in trabecular morphology are 
examined in the presence of changes in volume fraction. This is true for studies of aging 
(54, 182-184), osteoporosis (185, 186), osteoarthritis (100), the effect of electromagnetic 
fi elds (187) and many others. Because of the convenience and relatively low expense of 
two-dimensional histomorphometry its use will probably continue in the future. When con-
ventional two-dimensional histomorphometry is used to measure the trabecular morphology 
care must be taken when interpreting the results. It must be remembered at all times that 
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the only parameters that are truly measured using this method are the bone perimeter and 
bone area. A reported change in trabecular thickness may be simply the result of a change in 
volume fraction. Conversely it may be the result of a change in structure type of the specimen. 
The only way to determine whether there are pathological changes in bone structure which 
are different than the normal change associated with a change in volume fraction would be to 
plot the surface/volume ratio against the volume fraction and determine whether there was a 
difference in the regression lines.
The use of model-based methods requires that adjustments must be made for both the structure 
type and anisotropy of the material (see appendix). In anisotropic structures the orientation of 
the cutting-plane can seriously infl uence the measured parameters. Object dimensions vary 
greatly depending on whether they are viewed from a direction perpendicular or parallel to 
the principal axis of anisotropy (188). Thickness, as calculated using the plate (or rod) model 
is the ratio of perimeter to area and nothing more. Correcting for anisotropy as well as the 
choice of a plate model, rod model or a combination of the two requires a priori knowledge 
of the structure of the sample. Thus, the conversion to trabecular thickness simply provides a 
conceptual tool that is useful for the interpretation of the data. The calculations of trabecular 
number and trabecular spacing are extensions of this conceptual tool, fraught with the same 
limitations. Thickness will be underestimated using the plate model and there will be volume 
fraction dependant biases, especially in the estimation of trabecular spacing. The trabecular 
number provides only a rough estimate of the true connectivity but is free of volume fraction 
dependant bias. It is not possible to predict the effects of disease or new drug treatments upon 
the model assumptions and therefore we do not see a possibility for a generalized correction 
for these model-based parameters.
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Appendix: Formulas for morphometric parameters
BV/TV = B.Ar/TA
BS/BV=B.Pm/B.Ar * 4/pi*
Plate Model (166)
Tb.Th = 2/(BS/BV) 
Tb.N= (BV/TV)/Tb.Th
Tb.Sp=(1/TbN)-Tb.Th
Rod Model
Tb.Dm=4/(BS/BV)
Tb.N=(4/pi*BV/TV)^0.5/Tb.Dm
Tb.Sp=Tb.Dm*((pi/4*TV)/BV)^0.5-1)
* The value 4/pi (1.27) can be modifi ed to correct for anisotropy in specimens. A value of 1.2 
has been experimentally determined for use in the human ilium.
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Inter-individual and inter-site variation in human 
trabecular bone morphometry
J.S. Day, J.H. Waarsing, G.H. van Lenthe, M. Stauber, P.G. Mulder, J.A.N. Verhaar, 
D.R. Sumner, and H. Weinans
Abstract
While bone mass is a major predictor of the mechanical properties of trabecular bone it is believed 
that trabecular micro-architecture is also important. The effect of anatomic site and individual 
donor on trabecular micro-architecture was examined, independent of bone mass, using micro-CT 
and unbiased three-dimensional morphometric parameters. This study was comprised of two donor 
populations. In the fi rst group samples were harvested from 70 donors from the following sites: 
L2, L4, femoral head, iliac crest and calcaneus. In the second group approximately 15 samples 
were harvested from the proximal tibia and 2 from the talus of 35 donors. All samples were mi-
cro-CT scanned and the BV/TV, BS/BV, Tb.Th, Tb.Sp, Tb.N, connectivity density and degree of 
anisotropy were measured. A random coeffi cients model was used to evaluate the relations of the 
measured parameters with BV/TV allowing for inter-individual variability and inter-site differ-
ences while adjusting for age, gender and the presence of fractures. All of the measured parameters 
showed strong relations with BV/TV with the exception of the degree of anisotropy. Different 
individuals displayed remarkably different trabecular micro-architecture even at the same BV/TV. 
Anatomic site also had a strong effect on the relation between micro-architecture and BV/TV. 
Gender, age and previous fracture were signifi cant confounders. Inter-site differences were present 
in all parameters except the degree of anisotropy. The control of trabecular bone micro-architecture 
is not simply a function of BV/TV but is also strongly infl uenced by inter-subject variation and 
the anatomic site.
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Introduction
Osteoporosis, and its association with an increased risk of bone fracture is a growing source 
of concern within most industrialized countries. Anatomic sites with the highest risk of 
osteoporotic fracture include the distal radius, spine and proximal femur. Osteopenia and 
osteoporosis, as defi ned by the World Health Organization, are the presence of a bone mineral 
density (BMD) of respectively 1.0 and 2.5 standard deviations below the population average 
for healthy young persons of the same gender. While fracture risk is increased by two to three 
times for each standard deviation below peak young adult mean bone mass, there is a large 
overlap in bone mass between patients who experience fractures and those who don’t (26). 
This observation has led to the concept that fracture risk is not only a function of bone mass 
alone but also bone quality. Bone quality is, in essence, a term that encompasses all of the 
properties of the bone that contribute to the mechanical properties with the exception of bone 
mass (i.e. micro-architecture, matrix quality, presence of micro-damage etc). The concept 
that fracture risk is related not only to bone mass (quantity) but also to micro-architecture is 
supported by in vitro mechanical testing where it has been demonstrated that the mechanical 
properties of bone are not only a function of bone mass but also trabecular micro-architecture 
(55, 171, 189-191). Currently, the most common and practical method of estimating fracture 
risk in the spine and hip is through the use of dual energy x-ray absorbtiometry (DXA). Unfor-
tunately, this method gives only BMD without any measurement of bone micro-architecture 
or quality. For this reason, other methods such as pQCT or ultrasound have been developed in 
order to produce a combined measure of bone mass and quality. These methods are, however, 
most practical when used to measure peripheral sites such as the wrist (humerus) or ankle 
(calcaneous). Thus the consistency of bone mass and quality between anatomic sites becomes 
a clinically relevant issue.
Recent advances in desktop micro computed tomography (micro-CT) have made it pos-
sible to quickly quantify the three-dimensional (3D) micro-architecture of bone biopsies. 
Morphometric parameters can be calculated directly from 3D datasets, which do not require 
model related assumptions and are not biased by specimen anisotropy. Parameters that are 
often reported include the direct trabecular thickness, spacing and number (Tb.Th3D, Tb.Sp3D, 
Tb.N3D) (45), connectivity density (CD) (49), structure model index (SMI) (46), and various 
measures of trabecular anisotropy (43, 44, 192). The direct thickness method is conceptually 
similar to the plate model originally proposed by Parfi tt et al (54). However, because the plate 
model was originally used on histological sections an assumption had to be made a priori as 
to whether the structure of the bone consisted of rods or plates. This assumption leads to a 
bias in the resulting measurements and constrains the possible solution space (172, 193). The 
direct thickness method has the advantage that it is not necessary to make any assumptions 
regarding the structure of the material. Connectivity density and structure model index are 
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topological measures of the curvature of the bone surface and give information regarding how 
interconnected the trabecular micro-architecture is (47). The structure model index, which is 
similar to the two-dimensional trabecular bone pattern factor (TBPf) (194), is defi ned in such 
a way that it describes how ‘plate-like’ or ‘rod-like’ a structure is. Structural anisotropy can 
be measured in a variety of ways that quantify the preferential orientation of either surfaces or 
volumes. The resulting data can be fi t to an ellipsoid that is reported as the fabric tensor. The 
ratio of the largest to smallest radii of the resulting ellipsoid is used to quantify the degree of 
anisotropy (DA) of the specimen.
It is known that many morphometric parameters such as trabecular thickness, structure model 
index and connectivity density are highly correlated with the bone volume fraction (193, 195, 
196). Therefore, much of the correlation of the micro-architectural parameters between sites 
can be explained by the correlation of bone mass between sites. However, little is known 
about how the relation between bone volume fraction and bone micro-architecture varies 
between anatomic sites or whether different individuals use different architectural ‘strategies’ 
for similar BMD i.e. do some individuals have thicker, thinner, or more trabecula yet the 
same BMD or BV/TV. For that reason, the purpose of the present study was to investigate 
how bone morphometry varies both between people and between anatomic sites. A particular 
focus was placed on investigating the variation in bone morphometry over a range of BV/TV. 
The following specifi c questions were investigated: 1) Is there a difference between individu-
als in the utilization of available bone? 2) Is there a difference between anatomical sites? 3) 
Are inter-individual differences consistent between anatomic sites?
Materials and Methods
Donor populations
Approximately 15 trabecular bone specimens were cut from one proximal tibia and 2 from 
one talus of each of 35 donors supplied by the Gift of Hope (GOH) Organ and Tissue Donor 
Network (male: n = 18, agemean= 65 agesd= 12; female: n = 17, agemean= 67 agesd= 12). This 
population included both intact and osteoarthritic donors. Osteoarthritic grade was scored 
using a modifi ed Collins Grading system (197). Tibial samples were prepared by cutting a 
transverse bone slab from the proximal end of the tibia. The fi rst cut was taken immediately 
distal and parallel to the subchondral bone plate at the proximal aspect of the tibial tuberosity. 
The thickness of the slab was scaled to 16% of the medial-lateral width of the tibia result-
ing in thicknesses that varied between 10-14mm. A rectangular grid of 7.5mm cylindrical 
specimens was then drilled from this slab using a diamond core drill. This grid contained 
rows of 3 samples in the anterior-posterior direction and rows of 5 samples in the medial 
lateral direction, yielding ~15 samples per donor. Talar samples were drilled through the 
Variation in bone morphometry
85
entire thickness of the talus ventral and dorsal to the talar dome. The central portion of the 
core was trimmed to the same length as the tibial samples.
A second set of human trabecular bone specimens was obtained from the European Union 
BIOMED I Concerted Action “Assessment of Bone Quality in Osteoporosis” sample. This 
population has been previously described in detail (198). Briefl y, trabecular bone samples 
originated from 70 human cadavers with ages ranging from 23-92 years (male: n = 38, agemean= 
67 agesd= 15; female: n = 32, agemean= 73 agesd= 15). For the present study, 242 specimens 
from the right femoral head (FRA), center of the second lumbar vertebral body (L2B) and 
fourth lumbar vertebral body (L4B), calcaneus (CAB), and anterior-superior part of the iliac 
crest were used (ICF). Samples were excluded if they contained compact bone, could not be 
harvested in one piece or contained large voids.
Micro-CT analysis
Specimens were scanned in one of two high-resolution micro-tomographic systems. GOH 
specimens were scanned at a nominal resolution of 20µm (µCT 40, Scanco Medical AG.) and 
the entire biopsy core was used for the subsequent analysis. A low-pass gaussian fi lter was 
used to remove noise before segmenting the gray scale images using individual thresholds as 
determined using Archimede’s principle (63). BIOMED specimens were scanned at a nomi-
nal resolution of 14µm (µCT 20, Scanco Medical AG.) and a 4mm cubic volume of interest 
was chosen for further analysis. A low-pass gaussian fi lter was used to remove noise before 
segmenting the gray scale images using a fi xed threshold.
Segmented data were then analyzed using 3D morphometry software (IPL © Scanco Medical 
AG). The following parameters were included in the present analysis: bone volume fraction 
(BV/TV), bone surface over bone volume (BS/BV), structure model index (SMI), connectiv-
ity density (CD), direct trabecular thickness (Tb.Th3D), direct trabecular spacing (Tb.Sp3D) 
and direct trabecular number (Tb.N3D). The geometrical degree of anisotropy (DA) was also 
determined from the ratio between the maximal and minimal eigenvalues of the fabric ten-
sor.
Statistical analysis
Analyses were performed on each dataset separately using PROC MIXED (random coef-
fi cients model) in SAS (version 8.2). The use of this type of model was appropriate because 
of the presence of both fi xed and random effects. Generally, fi xed effects are defi ned when 
all levels of interest of a variable are included in the study. For example, in the current study, 
gender was considered a fi xed effect with two levels, male and female. Random effects occur 
where a limited number of possible levels of a variable are observed in a study but the results 
are generalized to a level that is not observed. In the current study, it was presumed that the 
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general population of all possible donors was represented by those that were included in 
the current sample. Therefore, donor was included as a random effect and the results were 
generalized in a probabilistic manner to the population of all possible donors. In order to 
aid in the interpretation of the model we used adjusted means for the explanatory variables 
BV/TV and age. To estimate adjusted means, BV/TV and age were transformed into devia-
tions from their overall means and the intercept was removed from the random coeffi cients 
model (i.e. agereparameterized = age – agemean). At this point, the outcome (dependant) variable after 
log transformation where appropriate, was assumed to have a linear relationship with BV/TV 
within each subject. The intercepts and slopes were assumed to have a bivariate normal distri-
bution between donors (random variable). The within-subjects residual term was assumed to 
have the same variance across all subjects. The other explanatory variables (gender, anatomic 
location, age, and presence of osteoarthritis or a fracture) as well as their interaction with 
BV/TV were assumed to have a fi xed effect on the outcome variable. Non-signifi cant terms 
were removed from the model in a hierarchical way, one variable at a time starting with the 
highest p-value above 0.05 using a t-test for the estimated fi xed effect. The suitability of the 
random coeffi cients was assessed by performing a likelihood ratio Chi-Squared test compar-
ing a model in which the coeffi cients were fi xed to a model in which the two coeffi cients 
(intercept and slope) were normally distributed between subjects. Using this Chi square test 
the null hypothesis was tested that the between-subject variance of intercepts and slopes and 
their covariance were simultaneously equal to zero.
Results
Generally, the two data sets produced similar results. Most of the morphometric parameters 
were strongly correlated with BV/TV (Figures 7.1 and 7.2). This relation was linear for all of 
the morphometric parameters except for BS/BV and Tb.Sp which exhibited negative power 
relations (convex shape) and were therefore log transformed (Table 7.1). Because the relation 
between CD and BV/TV was linear but heteroscadastic (variance increased with BV/TV), 
both variables were log transformed before any further statistical investigation. Pearson cor-
relation coeffi cients of the resulting linearized data are displayed in Table 7.1. The overall 
relation between DA and BV/TV was weak (rBIOMED = 0.05; rGOH = 0.35). When examined on 
a site-by-site basis the Pearson correlation coeffi cient between DA and BV/TV had somewhat 
larger and negative values (rfra = -0.45, ricf = –0.36, rL2B = –0.43, rL4A = –0.45, rcab = n.s.) except 
in the GOH tibia data where it was positive (rtibia =0.45, rtal = n.s.).
The results of the regression analysis are summarized in Table 7.2 and Table 7.3. The sig-
nifi cance of the coeffi cients from each model are displayed in Table 7.2 (i.e., which effects 
were signifi cant) and select coeffi cients from the model are displayed in Table 7.3. These 
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coeffi cients, divided into fi xed effects, inter-individual effects and the intra-individual re-
sidual should be interpreted as follows; the fi xed effect of ‘BV/TV’ is the mean slope of each 
parameter plotted against the BV/TV. Because we reparameterized the data, the fi xed effect 
‘intercept by site’ can be interpreted as the expected value of the parameter at each site for 
a sample with the mean BV/TV from a donor with mean age (mean values: BV/TVBIOMED = 
0.138, ageBIOMED = 69.1, BV/TVGOH = 0.124, ageGOH = 65.9). In a similar manner the ‘interac-
tion by site’ can be interpreted as the modifi cation of the mean slope due to anatomic site. 
Because the inter-individual donor effect was modeled using random coeffi cients there is not 
a simple fi xed modifi cation of the intercept or slope due to the donor. Instead, the expected 
standard deviation of the mean slope and intercept due to the variation in the donor population 
was calculated. Because the data had been reparameterized, the magnitude of the donor effect 
could be quickly evaluated by comparing the standard deviation of the intercept due to inter-
individual effects to the residual intra-individual variance. This comparison, in essence, gives 
the variability of the parameter of interest for a sample with mean BV/TV from a donor with 
mean age compared to the residual variation after adjusting for gender and disease status. 
To further aid in the interpretation of the data we will present an example using the rela-
tion between SMI and BV/TV from the BIOMED donor population. This relation was linear 
(Table 7.1) and varied signifi cantly between individual donors. This relation varied between 
anatomic sites and there was interaction between site and BV/TV. There was no effect of 
gender, age, the presence of previous fractures or OA (Table 7.2B). The adjusted mean slope 
for the relation between SMI and BV/TV was –6.96 but this would vary from –4.96 to –8.96 
if we considered 95% of the donor population (Table 7.3B: 2 standard deviations from the 
inter-individual effect). The mean value of the slope varied from –6.96 at L4 to –11.01 in the 
iliac crest (Table 7.3B: interaction by site). If we considered a sample with a BV/TV of 0.138 
we would expect the SMI to vary from 0.9±0.147 at the femur and iliac crest to 1.37±0.147 
at L4 (Table 7.3B: intercept by site±inter-individual effect). The magnitude of the variance 
BV/TV Parameter rBIOMED rGOH
BS/BV Log Linear -0.84 -0.91
SMI Linear Linear -0.93 -0.89
CD Log Log 0.43 0.77
Tb.N Linear Linear -0.82 0.72
Tb.Th Linear Linear 0.81 0.86
Tb.SP Log Log -0.70 -0.74
DA Linear Linear 0.05 0.35
Table 7.1: Pearson correlation between each morphometric parameter and bone volume frac-
tion treating each sample as an independent measure. Where relations were not linear, the 
BV/TV and/or the variable in question was log transformed as indicated.
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explained by the individual donor was about 62% compared to the magnitude of the residual 
variation (0.1472/0.1862). 
The relation between the morphometric parameters and bone volume fraction was similar 
for all donors with respect to sign. However, there were strong inter-individual effects for all 
of the parameters (Table 7.2, donor effect). These inter-individual effects can be visualized 
most easily in the GOH tibia data where there are multiple specimens for each donor from 
a single anatomic site. In order to illustrate the inter-individual effect we have plotted the 
results of four donors from the present data on top of the population (Figure 7.2). It is obvious 
that Donors 1 and 2 had a much more rod-like, highly connected structure than Donors 3 
and 4, even at equal bone volume fractions. This can be confi rmed visually by examining 
three-dimensional renderings of a selection of core biopsies from the same donors (Figure 
7.3). In order to evaluate the magnitude of the inter-individual differences we compared the 
inter-individual variance of the intercept to the residual variance (using the squares of the 
standard deviations from Table 7.3). In the GOH data the individual effect varied from a low 
of 0.16 times the residual variance for the degree of anisotropy to a high of 1.7 times the 
residual variance for the trabecular spacing with all other parameters falling between 0.64 and 
1.7 times the residual. Similar results were seen in the BIOMED data where the ratio varied 
between 0.20 for the degree of anisotropy to 6.44 for the trabecular spacing with all of the 
other parameters falling between 0.42 and 0.91.
Like the inter-individual data, the site-specifi c relations between bone volume fraction and 
the other parameters were similar between sites with respect to sign. However, there were 
site-specifi c differences, especially for the connectivity density, Tb.Sp and Tb.N (Figure 7.1). 
These site-specifi c differences were signifi cant for either the fi xed effect or its interaction with 
BV/TV for all parameters with the exception of the BS/BV in the GOH data (Table 7.2) and 
Tb.Th in the BIOMED data. The most obvious example of this site dependant effect was seen 
in the femoral head where the structure had a wider spacing, was more rod-like as expressed 
by a higher structure model index and had a lower connectivity than would be expected for 
bone with this volume fraction compared to the other sites (Figure 7.1).
As stated previously, the relation between each parameter and the bone volume fraction was 
adjusted for possible confounding due not only to the anatomical site, but also to gender, 
age, and disease status. Gender had signifi cant effects in the GOH data on all parameters 
with the exception of Tb.Th. To illustrate this effect an example plot has been presented for 
Tb.Sp in Figure 7.4. This effect was not seen in the BIOMED data (Table 7.2). The presence 
of osteoarthritis had no effect on either dataset (Table 7.2), but the presence of fracture was 
a signifi cant confounder for multiple parameters in the BIOMED data. An example of this 
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Figure 7.1: An illustration of site-dependent effects. Morphometric parameters were plotted 
against BV/TV for all of the biopsies.
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effect can be seen in Figure 7.5. Age and interaction between age and BV/TV were signifi cant 
for several of the parameters in each data set (Table 7.2).
The Pearson correlation coeffi cients between the proximal tibia and talus, in the GOH data 
using the average value for each anatomic site were: rBV/TV = 0.81, rCD = 0.73, rSMI = 0.79, rTb.
N = 0.77, rTb.Th = 0.72, rTb.Sp = 0.81, rBS/BV = 0.76, rDA = 0.13. This analysis was not repeated on 
the BIOMED data because there was a high sensitivity to regional heterogeneity of the bone 
volume faction due to the small size of the biopsy samples.
Discussion
In this study we have investigated inter-individual differences and the effect of anatomic 
site on bone trabecular micro-architecture. We have used micro-computed tomography to 
measure bone morphometry from two large donor populations. The morphometric parameters 
used in this work were derived from three-dimensional micro-CT data to produce results 
that required no a priori assumptions regarding bone structure. By investigating the relation 
between morphometry and bone volume fraction we could quantify the effects of individuals 
and anatomic site on the architectural aspects of ‘bone quality’.
Generally all of the morphometric parameters measured in this study were highly correlated 
with the bone volume fraction, both between and within sites and individuals, with the excep-
tion of the degree of anisotropy. The strong correlation of BS/BV, Tb.Th, Tb.Sp, Tb.N (54, 
184, 193, 195, 199), SMI (193, 196), and connectivity (38, 179, 200) with bone volume 
fraction has been noted previously. The lower degree of correlation between the degree of 
anisotropy and bone volume fraction has also been previously noted (38, 199). 
In the analysis of the present data, strong inter-individual effects were seen on the trabecular 
micro-architecture. These inter-individual differences were statistically signifi cant and could 
be visualized both in the scatter plots (Figure 7.2) and in renderings of individual biopsies 
(Figure 7.3). From the fi gures it is clear that donors could have very different trabecular bone 
micro-architecture even for samples with equivalent bone mass. While it has been debated 
whether having a highly connected trabecular network is advantageous in terms of the result-
ing mechanical properties (174, 175, 201), in the present data high connectivity comes at the 
expense of thinner trabeculae. This highlights one of the shortcomings of using connectivity 
as a surrogate measure of bone strength as connectivity can be increased both by increasing 
the number of trabeculae within a structure or by fenestrating existing plates. The mechanical 
consequence of choosing a highly connected structure consisting of thin trabeculae compared 
to a more coarse structure with thicker trabeculae is currently unknown. Because of the cross-
Variation in bone morphometry
95
sectional nature of our study, it was not possible to determine how these individuals devel-
oped such different bone micro-architectures. As indicated by the signifi cant effects in the 
statistical model, gender, aging and the presence of fractures were associated with differences 
in micro-architecture. Other factors that could possibly affect bone micro-architecture include 
genetic differences, the donor’s medical history, mechanical loading history or differences in 
bone remodeling dynamics.
There were strong statistical effects due to anatomic site in this study. It has been previously 
noted that there can be large differences in bone volume fraction, mean values of morphologi-
cal parameters, and the degree of mechanical anisotropy between anatomic sites (53, 172, 
195, 199, 202). Few studies have examined the volume fraction-independent effect of site 
on morphometry. A previous 3D micro-CT study of seven sites from four cadavers noted 
site-dependant effects (38). This observation was not seen in a large histological study of 
eight sites from 113 cadavers (195), possibly because of limitations in the use of 2D model-
based measurements. The reason for site-dependant differences in bone micro-architecture is 
unclear at this time. One possibility is that the micro-architecture is dictated by the regional 
mechanics. It is well known that trabecular bone is adapted to its mechanical environment, 
resulting in a structure that is aligned with the trajectories of the principal stresses that it 
experiences. It is also known that bone density is highest in areas of highest loading (4, 203). 
The implication of this adaptation with regards to other morphometric parameters is presently 
unknown. Other possible reasons for differences in the structure-volume relations between 
sites include developmental differences, or differences in bone remodeling rates at different 
anatomical sites (198, 204).
BV/TV
.4
.3
.2
.1
.09
.08
.07
.06
.05
.04
.03
.02
3D
 T
ra
be
cu
la
r S
pa
ci
ng
 (m
m
)
2
1
.9
.8
.7
.6
.5
.4
.3
GENDER
Male
Rsq = 0.6445 
Female
Rsq = 0.6044 
Figure 7.4: An example of gender effects in the GOH data.
96
Chapter 7
In the present study, we were most interested in the inter-individual and site-specifi c effects 
on the relation between morphometric parameters and BV/TV. In our statistical models we 
have controlled for gender, age and disease status (presence of OA or existing fractures) as 
possible confounding effects. In the GOH data there was a strong effect of gender for all 
parameters with the exception of Tb.Th. This gender-specifi c effect was completely absent 
in the BIOMED data (Table 7.2, Figure 7.4). Generally, it is believed that differences exist 
between the mechanisms of age-related bone loss between genders. It has been reported that 
bone loss in males is due primarily to the thinning of individual trabecula while bone loss in 
females is due to a combination of trabecular thinning and a reduction of trabecular connec-
tivity due to the loss of entire trabecula (182, 205-208). While previous studies have reported 
architectural differences between male and female trabecular bone, few have corrected for the 
effect of BV/TV; either by choosing samples with equivalent BMD (209, 210) or by reporting 
the relation between parameters and BV/TV (54, 195, 211). It should also be noted that many 
of the previous studies were limited by their use of 2D histological sections or reliance on 
model-dependant morphometric parameters, mainly Parfi tt’s plate model (54, 193). In the 
present study we found a lack of gender specifi c effects when using a pool of small biopsies 
from multiple anatomic locations (BIOMED data). This fi nding is in agreement with the 
results from a similar 2D histological study (195). In the GOH data set we used a much 
larger number of biopsies, albeit from a smaller pool of donors. These data indicate that the 
trabecular thickness of male and female bone is similar but that female bone has a much 
more highly connected rod-like structure with closer trabecular spacing. The 3D interpreta-
tion of these data is that females experience more perforation of trabecular plates than loss 
of entire trabeculae. This interpretation should be regarded very carefully however because 
the GOH study population was not optimized for a gender study and the gender groups were 
not balanced with respect to age. A close inspection of the GOH data also reveals that several 
males and females that were highly leveraged in the regression analysis and may have had a 
strong infl uence on the resulting conclusions. Like gender, aging was a statistically signifi cant 
confounding effect. This effect was apparent for multiple morphometric parameters in both 
datasets although the particular parameters affected varied between the two donor popula-
tions. Generally however, the overall effect was consistent where aging was associated with 
a fi ner more highly connected rod-like structure. Previous histological studies of aging have 
concluded that age-related bone loss is due to the loss of entire trabecula in women and due 
to trabecular thinning in men (207, 208). This view is likely to be overly simplifi ed as it has 
been demonstrated that there are changes in the connectivity and thickness of trabeculae in 
both genders during aging (182, 206). In the current study, we have demonstrated that it is 
likely that some of these alterations of bone micro-architecture are independent of the general 
loss of bone mass. Again, this interpretation should be regarded carefully because of possible 
interaction between gender and aging effects.
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The presence of a previous fracture was the fi nal confounding effect. Trabecular bone in 
donors who had suffered a previous fracture at any location had a reduced surface with 
thicker more widely spaced trabeculae. Bone fragility is associated both with increasing age 
and with female gender and it is, therefore, surprising that the effect of the presence of a 
previous fracture remained even after correcting for age and gender. A previous study has 
noted increased trabecular anisotropy in bone biopsies from the femoral head of fracture 
patients compared to cadaveric donors with an equal bone volume fraction (177, 212). There 
has also been a previous association between loss of connectivity in iliac crest biopsies of 
subjects with vertebral compression fractures as compared to controls with similar bone mass 
(210). This was in agreement with a previous study of a large pool of iliac crest biopsies 
(54). Because of the cross-sectional nature of the present study it is not possible to determine 
whether differences in bone micro-architecture were a cause or effect of the previous fracture. 
However, the association between fracture and micro-architecture is interesting and warrants 
further study.
It has been proposed that the measurement of bone density or a combination of bone density 
and quality at remote sites may be useful in assessing fracture risk in individuals. Typically 
methods such as pQCT of the radius or ultrasonic measurement of calcaneal properties are 
used. For this reason we investigated the relation between bone mass, micro-architecture and 
anatomic site. Previously, it has been demonstrated that BMD and micro-architecture are 
heterogeneous between anatomic sites in the human body. In a study of trabecular bone nec-
ropsies from 12 donors the correlations between spinal BV/TV and that measured at the iliac 
crest, proximal femur and calcaneus varied from r = 0.67 to r = 0.80. Connectivity density, as 
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estimated using the trabecular bone pattern factor (TBPf), was poorly correlated between the 
sites with a maximum correlation (r = 0.60) between the lumbar spine and femoral neck (198, 
202). A similar study of bone mass as measured by DXA and ultrasound at the lumbar spine, 
radius and calcaneus reported correlations which ranged from r = 0.52 to r = 0.76 (213). In 
a study of necropsies of the femur, lumbar spine and iliac crest, Pødenphant (185) reported a 
maximum correlation of r = 0.86 between BV/TV of the spine and iliac crest. Architectural 
measures (Tb.Th, Tb.Sp, Tb.N) had lower correlations varying from r = 0.46 to r = 0.58. 
These results are similar to those reported by Thomsen et al. where the correlation between 
BV/TV of the iliac crest and lumbar vertebra was r = 0.59. The correlation of architectural 
parameters between sites varied from r = 0.63 for Tb.Sp to non-signifi cant for measures of 
anisotropy (199). In the current results, the correlation of the bone volume fraction between 
the tibia and talus in the GOH data was r = 0.81. The other morphometric parameters ranged 
between r = 0.73 and 0.81 with the exception of the degree of anisotropy. All of these data 
agree strongly with previous studies (199, 202). 
Compared to the other morphometric parameters examined in the present study anisotropy 
stood out as being unusual. The correlation between the degree of anisotropy and BV/TV 
was low and differed in sign between the populations. The difference in sign between the 
two populations could be explained by the method of sampling. In the GOH set, multiple 
specimens were taken from a single site, the tibia. In the BIOMED populations, a single 
sample was taken from multiple sites. Thus the positive correlation between BV/TV and the 
degree of anisotropy in the GOH data implies that highly loaded areas within a single bone 
have not only increased bone mass, but also a higher degree of anisotropy. The negative cor-
relations observed in the BIOMED data imply that individuals with lower bone mass exhibit 
a higher degree of morphometric anisotropy. This observation is in agreement with previous 
observations that horizontal trabeculae are preferentially resorbed during age-related bone 
loss in the lumbar spine (214). Also interesting in the present data was the observation that 
anisotropy was the only parameter that was not correlated between the tibia and the talus. This 
implies the regulation of bone anisotropy between anatomic sites was not only independent of 
bone volume fraction but also largely independent of individual effects. Previous studies have 
demonstrated that incorporating anisotropic fabric along with bone volume fraction into a 
statistical model for the estimation of bone mechanical properties increases model fi t from an 
R2 of 60-80% to over 90% (38, 55, 191, 215). Since the anisotropy was not highly correlated 
with the bone volume fraction and is, therefore, somewhat independent, it is not surprising 
that the prediction of mechanical properties is greatly enhanced by using bone volume frac-
tion in conjunction with the fabric tensor (a mathematical expression of the anisotropy) as 
opposed to using bone volume fraction alone. However, while it is known that the direction of 
the trabecular structure is aligned with the principal stresses in the bone, little is known about 
factors that regulate the degree of anisotropy.
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In conclusion, we observed signifi cant variation in the types of trabecular micro-architecture 
found in different donors. Interestingly these effects were independent of bone mass. There 
were also signifi cant differences between anatomic locations. The type of architecture present 
seemed to be infl uenced by age, the presence of previous fractures and possibly gender but 
not the presence of osteoarthritis. It is not presently clear if the observed inter-individual 
differences were genetic, related to development or due to differences in the life history of the 
donors. It is likely that the development of trabecular micro-architecture at various anatomic 
locations was heavily infl uenced by regional mechanics. From the present data it is clear that 
the control of trabecular bone micro-architecture is not simply a function of BV/TV but is 
also strongly infl uenced by both inter-subject variation and the anatomic site.
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Chapter 8
The effect of donor and skeletal site on morphology-
elasticity constitutive models for trabecular bone
J.S. Day, J.H. Waarsing, G.H. van Lenthe, M. Stauber, B. van Rietbergen, D.R. 
Sumner, and H. Weinans
Abstract
Multiple constitutive relations have been proposed to relate the orthotropic elastic constants of 
trabecular bone to measures such as density and the fabric tensor (a morphometric description 
of anisotropy). In the current study, two data sets were used to evaluate the performance of three 
constitutive relations. In the fi rst set, 496 trabecular bone specimens from the proximal tibia of 
35 donors were used to evaluate sensitivity of the resulting models to subject-specifi c effects. In 
the second set, 235 specimens from the calcaneus, femoral neck, iliac crest, and second lumbar 
vertebra of 70 donors were used to evaluate the infl uence of skeletal site. Morphometry was quan-
tifi ed using microCT. Finite element models, created from the microCT images, were used to fully 
characterize the mechanical properties of each specimen. The analysis revealed signifi cant subject 
and site-specifi c effects. Use of site-specifi c fi ts reduced the range and standard deviation of the 
residuals 20-50% and 16-42% respectively. Use of donor-specifi c fi ts reduced the average residual 
error by 15-22%. For donors with a very low bone volume fraction, donor-specifi c fi ts could halve 
the residual error. A cross-validation analysis indicated that excellent model stability could be 
reached with 35 donors. In conclusion, although there were both site-specifi c and donor-specifi c 
effects, all three constitutive relations performed reasonably well when a general fi t was used. 
However, in applications where a high degree of accuracy is required, site-specifi c fi ts should be 
used and results should be interpreted carefully for samples with a low bone volume fraction.

Donor, site, and morphology-elasticity relations
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Introduction
Trabecular bone is a highly complex porous anisotropic material that shares many similarities 
with a class of materials called cellular solids. The mechanical properties of a specimen of 
trabecular bone at the continuum or apparent level are determined by the apparent density, 
trabecular microarchitecture and tissue material properties. The relation between the apparent 
density and uniaxial mechanical properties of trabecular bone have been studied extensively, 
especially in compression and the results of this work have been thoroughly reviewed (52, 
53). While a number of empirical studies have attempted to improve the prediction of bone 
mechanical properties by including morphometric parameters (i.e. connectivity, thickness, 
spacing etc.), consistently successful results have been achieved using models that account 
for bone anisotropy (38, 171, 189, 192, 215-217).
It has long been noted that the structure of trabecular bone is highly anisotropic and well 
aligned to the directions of the principal mechanical stresses (3). The degree of anisotropy 
varies widely between individuals and locations, even within a single skeletal site (37-42). It 
has been observed that the anisotropic spatial distribution of the trabecular structure could be 
measured using the method of directed secants, also referred to as the Mean Intercept Length 
(MIL), and approximated as an elipse in two dimensions or using the positive defi nite second 
order tensor defi nition of an ellipsoid in three dimensions. This led to the development of a 
general theory relating the fabric tensor to the orthotropic elastic properties (43, 44, 56, 218). 
This was followed a number of alternative formulations and refi nements of the original model 
(217, 219-221).
While the development and performance of morphology-elasticity constitutive relations has 
recently been reviewed (55), there have been few previous attempts to rigorously validate 
them, especially with respect to the possible effects of inter-individual or inter-site variation. 
It is the purpose of the current study to evaluate three relations, those presented by Cowin & 
Yang(217, 222), Zysset & Curnier (221) and Turner & Cowin (219 ). In particular, the sensi-
tivity and robustness of the resulting models will be evaluated with respect to inter-site and 
inter-individual infl uences. Cross-validation and donor/site-specifi c fi tting procedures will be 
used to evaluate the performance of the three relations for the prediction of the mechanical 
properties for a large group of human bone biopsies.
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Materials and Methods
Donor populations
Trabecular bone specimens were cut from the proximal tibia of 35 donors supplied by the 
Gift of Hope (GOH) Organ and Tissue Donor Network (male: n = 18, agemean= 65 agesd= 12; 
female: n = 17, agemean= 67 agesd= 12). Samples were prepared by cutting a transverse bone 
slab from the proximal tibia. The fi rst cut was taken immediately distal and parallel to the 
subchondral bone plate at the proximal aspect of the tibial tuberosity. The thickness of the slab 
was scaled to 16% of the medial-lateral width of the tibia resulting in thicknesses that varied 
between 10-14mm. A rectangular grid of 7.5 mm cylindrical specimens was drilled from 
this slab using a diamond core drill. This grid contained 3 samples in the anterior-posterior 
direction and 5 samples in the medial lateral direction, yielding ~15 samples per donor.
A second set of human trabecular bone specimens was obtained from European Union 
BIOMED I Concerted Action “Assessment of Bone Quality in Osteoporosis”. This popula-
tion, including cause of death, has been previously described in detail(198, 223). Briefl y, tra-
becular bone samples originated from 70 human cadavers with ages ranging from 23-92 years 
(male: n = 38, agemean= 67 agesd= 15; female: n = 32, agemean= 73 agesd= 15). For the present 
study, 235 specimens from the right femoral neck, center of the second lumbar vertebral body, 
calcaneus, and anterior-superior part of the iliac crest were used. Samples were excluded if 
they contained compact bone, could not be harvested in one piece or contained large voids. A 
portion of the analysis of this data has been previously reported (189).
Micro-CT analysis
Specimens were scanned in one of two high-resolution micro-tomographic systems. GOH 
specimens were scanned at a nominal resolution of 20 µm (µCT 40, Scanco Medical AG.). 
After scanning, a 5 mm cube was selected from the center of the sample for the subsequent 
analysis. A low-pass gaussian fi lter was used to remove noise before segmenting the gray scale 
images using individual thresholds as determined using Archimede’s principle(63). BIOMED 
specimens were scanned at a nominal resolution of 14 µm (µCT 20, Scanco Medical AG.) 
and a 4 mm cubic volume of interest was chosen for analysis. A low-pass gaussian fi lter was 
used to remove noise before segmenting the gray scale images using a fi xed threshold. The 
three-dimensional mean intercept length (MIL) tensor was defi ned as determined for each 
specimen using the method of directed secants (43, 44).
Finite element analysis
Finite element (FE) models were used to calculate the orthotropic apparent stiffness tensor 
for each sample. Voxel based models were created with a voxel size of 20 µm for the GOH 
specimens and 28 µm for the BIOMED specimens. For all elements, linear elastic and isotro-
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pic material properties were assigned with a Young’s Modulus of 10 GPa and a Poisson’s ratio 
of 0.3. A series of six fi nite element problems were solved for six uniaxial strain cases using 
the preconditioned conjugate gradient method. The nearest orthotropic stiffness tensor could 
then be determined for each sample(20-22).
Morphology-elasticity relations
Three morphometry based relations were evaluated for their ability to predict the mechanical 
properties derived by FE analysis. The fi rst, proposed by Yang et al. (217, 222), uses a power 
relation to fi t the components of the stiffness matrix (c) based on volume fraction alone.
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where i,j = 1,2,3; i ≠ j. Thus, 9 multiplicative (λ x 6, μ x 3) and 9 exponential (k) constants 
were required to determine the mechanical properties. The value of ρ used in this study was 
not the true apparent density, but the bone volume fraction (BV/TV).
The Zysset relation (220, 221) also utilizes both fabric and bone volume fraction. However, in 
this relation, the eigenvalues of the fabric tensor (m1, m2, m3) are again sorted then normalized 
such that m1 + m2 + m3 = 3. In this relation, there are 5 constants (λ0, μ0, λ’0, k, l).
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The relations presented by Cowin et al. (56, 191, 219) combine the fabric tensor and a power 
relation for volume fraction (ρ) resulting in 18 constants (k). A value of 1.45 for the power 
relation (n) was determined most appropriate during pilot testing. In this relation, the eigen-
values of the fabric tensor (m1, , m2 , m3) were derived from inverse of the square root of the 
MIL tensor then sorted such that m1 > m2 > m3 and normalized such that m1 + m2 + m3 = 1.
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The constants for each relation were fi t to the results from the FE analysis (c) using the 
multiple regression method described in detail by Zysset (55). Briefl y, the equation: 
 c = Xb + e (4)
was constructed where c was a 9n vector containing the 9 components of the compliance 
matrix for n specimens, X was the 9n×p matrix containing the volume fraction and fabric 
data, b was a vector containing the p constants in the model and e was the vector of the residu-
als. Equation (4) could then be solved for b using singular value decomposition to obtain the 
pseudo-inverse X+ of X:
 b = X+ c (5)
Statistical analysis
For each data set, a rigorous analysis was performed using each of the three previously 
described relations. Models were fi t to each of the two data sets and the fi t was evaluated 
by examining both magnitude of the residuals and the coeffi cient of determination. Where 
applicable, the coeffi cient of determination was adjusted for the number of observations (9n) 
and the number of model constants (p) as follows(224):
 ( ) ( )
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The models were then further examined using two further evaluations to examine the assump-
tion that a ‘general fi t’ was appropriate for a varied population from multiple skeletal sites. 
First, the models were fi t using a separate fi t for each skeletal site in the BIOMED data and 
each donor in the GOH data. This resulted in models with 4p and 35p constants for the GOH 
and BIOMED sets. By comparing site-specifi c fi ts to the general fi ts we could determine how 
much accuracy was lost when we imposed a generalized model on the data. The presence of a 
statistically signifi cant improvement in the model fi t was evaluated by evaluating the change 
in R2 using an F-test as follows(224):
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where F had (pextended-pgeneral)and (9n-pextended –1) degrees of freedom.
The second additional evaluation that we performed was a cross-validation. This was used 
to assess the model’s stability (i.e. are there some sites/donors who have a large infl uence 
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on the model results) and its ability to be used with novel data. For these analyses, we used 
a modifi cation of the ‘leave one out’ method (225). Again, we constructed 4 models for the 
BIOMED and 35 for the GOH set. But this time, instead of constructing models for each 
individual site/donor, the models were constructed using only the data from the other sites/
donors and applied to the morphometry data from the site/donor of interest. For this analysis, 
the coeffi cient of determination required no adjustment because the model was evaluated on 
different data then was used to construct it.
Results
Morphometric and mechanical data
The fi rst step in the analysis was to examine the relationships between the input variables, 
BV/TV, the fabric eigenvalues and the results of the simulated mechanical tests. In the 
BIOMED data there was a wide range of BV/TV, from 0.04 to 0.48 with the lowest at L2 and 
the highest at the femoral neck. In the GOH data, BV/TV ranged from 0.01 to 0.24. There was 
a large variation of this range between donors where female donors tended to have a lower 
BV/TV that declined with age compared to males who displayed little age related variation 
(Figure 8.1). BV/TV data and the normalized MIL eigenvalues are summarized by skeletal 
site in Table 8.1 and Figure 8.1.
 
The computed Young’s moduli and shear moduli were clearly a function of BV/TV in both 
sets. While these variables generally exhibited a power relation, it appeared that the E11 
Young’s Modulus was more linear, especially at values of BV/TV greater than 0.15 (See 
Figures 8.2A and 8.2B). There also appeared to be a subtle site-specifi c effect, especially with 
respect to samples from the femoral neck (Figure 8.2A). The Poisson’s ratios varied from 
0.06 to 0.83 with the proximal tibia exhibiting the widest range. The Poisson’s ratios in both 
data sets varied widely at low volume fractions but began to converge as BV/TV increased 
(Figure 8.2). The median values and range of the computed mechanical data are displayed in 
Table 7.2.
 
When plotted against the BV/TV the degree of mechanical anisotropy (E11/E33) increased 
greatly with decreasing volume fractions. However, there was a wide spread in the data, 
especially that from the proximal tibia. The relation between the morphometric anisotropy 
(m1/m3) and BV/TV was similar to that observed for the mechanical degree of anisotropy. 
When the mechanical anisotropy was plotted against the morphometric anisotropy there were 
clear site dependant effects, most notably that the specimens from L2 seemed to plot in a 
separate cloud than the others from the BIOMED data set. It was also notable that there was 
a substantial spread in the data (Figure 8.3).
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Figure 8.1: BV/TV by donor for GOH data and by skeletal site for BIOMED data.
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General model fi ts
When fi t to the mechanical data, all three models yielded excellent fi ts with between 96.0 and 
98.5% of the variance explained (Table 8.3). The predicted values have been plotted against 
those from the FE models in Figure 8.4. The standard deviations of the residuals from the 
stiffness matrix were examined as an additional criterion for the model fi ts. The standard 
deviation of the residuals ranged from 26 to 83 MPa depending on which model and set 
were used (Table 8.3). Analysis of the residuals confi rmed that the estimation errors were 
roughly normally distributed for all three models. The Cowin model consistently produced 
the smallest dispersion of the residuals for both data sets. All 3 models occasionally produced 
spurious results with errors of up to approximately 232 MPa, 467 MPa and 944 MPa for the 
Cowin, Yang and Zysset models respectively. The Yang and Zysset models tended to produce 
larger errors for the stiffest samples whereas the residuals from the Cowin model were evenly 
distributed (Figure 8.4). For this reason the three models seemed much more equal when 
examined in relative terms (Figure 8.5, left). The Yang model displayed non-linear behaviour 
that resulted in substantial over-estimation of c1111 stiffness matrix component at high values 
of BV/TV(Figure 8.4 center). The Cowin model produced 14 cases in the GOH data and 1 
case in the BIOMED data that were not positive defi nite. All results that were not positive 
defi nite were from samples with low BV/TV (< 0.055). Model constants for the general fi ts 
are presented in Table 8.4.
Site effects
Site dependant effects and the stability of the fi ts with respect to site were examined using 
site-specifi c fi ts and cross-validation. Use of site-specifi c fi ts led to small but highly signifi -
cant improvements in coeffi cients of determination of all three models (p < 0.001). The range 
of the residual errors was reduced by 30, 50 and 20% for the Yang, Zysset and Cowin models 
respectively. The reduction of the standard deviation of the residuals varied between 16 and 
42% with the largest improvement seen for the Zysset model (Table 8.3A and B). In absolute 
terms, use of site-specifi c models led to the greatest improvement for the estimates of stiff-
ness at the femoral neck (Figure 8.4B), especially with respect to the Yang and Zysset models. 
However, in relative terms these improvements were minor since the femoral neck was the 
stiffest of the sites tested. In relative terms, the Cowin model fi t poorly at L2, although this 
was slightly improved by using a site-specifi c model (Figure 8.4B). The model constants, 
calculated by fi tting the entire data sets as well as the individual skeletal sites, are displayed in 
Table 8.4. The model constants varied considerably between sites. Generally the exponential 
modifi er varied between 1.2 and 1.8 in the Yang and Zysset models with the exception of k1 
for the L2 specifi c fi t of the Yang model, which was 0.88. k1 values were consistently lower 
than the other k values for the Yang model. In the cross-validation there was a larger infl ation 
of errors for the Yang and Cowin models than for the Zysset model (i.e. the Zysset model was 
more stabile). This was true in both relative and absolute terms (Figure 8.4). For the Yang 
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Coeffi cient of Determination Residuals
Stiffness Matrix
R2adj
E (MPa)
R2
G (MPa)
R2
v
R2
Average
(MPa)
Max.
(MPa)
Min.
(MPa)
St. Dev
(MPa)
BIOMED
Yang 0.974 0.962 0.960 0.255 3.1 423 -467 64
Zysset 0.974 0.964 0.966 0.003 -4.6 339 -944 83
Cowin 0.985 0.978 0.972 0.221 -2.0 363 -220 49
GOH
Yang 0.960 0.937 0.922 0.292 3.3 391 -386 43
Zysset 0.974 0.964 0.937 0.064 1.6 235 -431 35
Cowin 0.984 0.976 0.933 0.031 -2.0 232 -135 26
Table 8.3A: General model fi ts. Also presented are the raw coeffi cients of determination for the 
Young’s moduli, Shear moduli and Poisson ratios.
Coeffi cient of Determination Residuals
Stiffness Matrix
R2raw
Stiffness Matrix
R2adj
Average
(MPa)
Max.
(MPa)
Min.
(MPa)
St. Dev
(MPa)
BIOMED 
Yang 0.986 0.985 2.6 320 -302 48
Zysset 0.986 0.986 2.5 346 -320 48
Cowin 0.990 0.989 -1.7 268 -209 41
GOH
Yang 0.971 0.966 2.2 361 -301 38
Zysset 0.982 0.981 3.2 265 -386 30
Cowin 0.990 0.989 -1.8 217 -92 21
Table 8.3B: Summarized errors from site/donor specifi c fi ts.
Coeffi cient of Determination Residuals
Stiffness Matrix
R2
Average
(MPa)
Max.
(MPa)
Min.
(MPa)
St. Dev
(MPa)
BIOMED
Yang 0.927 7.0 817 -765 108
Zysset 0.971 -4.6 335 -1019 91
Cowin 0.972 -3.1 448 -346 69
GOH
Yang 0.959 3.3 391 -395 43
Zysset 0.973 1.6 229 -431 36
Cowin 0.984 -2.0 233 -136 27
Table 8.3C: Cross-validation fi ts.
Table 8.3: Adjusted coeffi cients of determination and residual values for model fi ts. Coeffi -
cients for the stiffness matrix were determined in normal space (i.e. Yang and Zysset data were 
converted back from log space). Summarized residual statistics are presented on the right.
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model there was a large infl ation of errors for estimates at the femoral neck. It should be 
noted, however, that this this particular cross-validation involved considerable extrapolation 
with respect to the BV/TV.
Donor effects
In a similar manner to the method used to examine site-specifi c effects in the BIOMED 
set, cross-validation and donor-specifi c models were used in the GOH set to examine the 
infl uence of individuals on model behaviour. Use of donor specifi c fi ts led to an overall 15, 
20 and 22% decrease in the estimate error for the Yang, Zysset and Cowin models (p < 0.001 
by F-test). However, for specifi c donors it was possible to reduce the error by half, especially 
in the case of the Zysset model (Figure 8.4B left). However, as was the case in the BIOMED 
set, the errors in the Zysset model tended to be largest when the stiffness was highest and thus 
the reduction of errors was minimal in relative terms (Figure 8.4B right). The relative errors 
of the general fi t were rather large for three of the donors (#7, 14 and 17). The results for these 
three donors could be partly salvaged by performing donor specifi c fi ts except in the case of 
donor #7 for the Cowin model. These three donors happened to include the lowest BV/TV 
values in the entire set (Figure 8.1). The cross-validation of the GOH data sets indicated 
very robust behaviour of all three models. The maximum change in the estimates ranged 
from 9 MPa with the Cowin Model to 17 MPa with the Zysset model. The average change 
in the residual was less than 0.5 MPa for all three models and no individuals exerted undue 
infl uence on the model fi ts during cross-validation (Figure 8.4B).
Discussion
In the present study we have examined the performance of three morphology-based constitu-
tive equations used to predict the orthotropic elastic properties of trabecular bone. We have 
focused particularly on inter-subject and inter-site infl uences on model fi ts and stability. By 
comparing site/donor-specifi c fi ts to general fi ts we could quantify how accuracy was sacri-
fi ced by generalizing the models with respect to skeletal site and donor. Fitting the morphol-
ogy-elasticity relations using general fi ts led to mean errors in the range of 15-30%. However, 
approximately ½% of the specimens produced errors of greater than 100% of the estimated 
value. This is in the range reported previously using these morphology-elasticity relations in 
conjunction with FE derived mechanical properties (55, 190, 215). To our knowledge there 
has only been one previous study that investigated the use of a fabric based relation to exam-
ine the effect of site and donor (38). Although they reported signifi cant infl uence of site and 
donor on the model fi t, their sample size was limited and they did not quantify these effects. 
In the present study, the accuracy of all three morphometry-elasticity relations could be im-
proved by using site-specifi c or donor-specifi c fi ts with a reduction in the standard deviation 
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Figure 8.3: Site dependant effects in the relation between BV/TV and anisotropy. The relation 
between the degree of anisotropy of the major and minor Young’s Moduli (E11/E33) is plotted 
against BV/TV (top). This can be contrasted with morphometric anisotropy from the fabric ten-
sor (m1/m3: center). When the relation between the mechanical and morphometric anisotropy 
were plotted against each other there were clearly site-dependant relations (bottom). A similar 
donor-dependant effect was seen in the proximal tibia.
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of the residuals that varied from 15 to 42%. Cross-validation was used to assess the stability 
and performance of general fi ts when applied to new data. In our study of donor effects, we 
had a large number of donors with overlapping ranges of both BV/TV and anisotropy. We 
found that with this data an excellent degree of model stability could be reached with less 
than 35 donors. In the cross-validation by skeletal site, there was a large amount of overlap in 
morphometry at the calcaneus, iliac crest and L2 but not for the femoral neck. The resulting 
models were more volatile when they were used to extrapolate results at the femoral neck. 
This implies that it may be necessary to use a wider range of input data to obtain general fi ts 
that are stabile respect to skeletal site.
In the present paper we have examined whether a global relation between either BV/TV alone 
or BV/TV in conjunction with fabric was appropriate when applied to trabecular bone. While 
global models provided reasonable results, the model fi ts could be substantially improved 
by including either donor or skeletal site. A clear example of the site effect is illustrated in 
Figure 8.6, where we have plotted a small subset of the data from the general fi t of the Cowin 
model. In order to understand the source of the site-specifi c or donor-specifi c effects, we 
must further consider the modelling assumptions. One possibility that we had to rule out was 
that apparent site or donor-dependant effects were artefacts of non-linearity in the regression 
model (i.e. the effect of trying to fi t the data an inappropriate mathematical model). For this 
reason we performed an analysis of the residuals. For the Yang and Cowin models we found 
no obvious sign of non-linearity in our residual analysis. However, there was clearly non-
linearity in the Zysset model, associated with the diffi culties fi tting the c1111 stiffness entries. 
We examined this further using three-dimensional visualization of the data with respect to 
the log transformed stiffness, BV/TV and fabric from multiple views (unpublished analysis). 
From this inspection we could clearly see that although there was non-linearity, data points 
from L2 lay on a different plane than those from the calcaneus or iliac crest. This assured us 
that the site-specifi c differences noted in Figure 8.3 (right) were not related differences in 
BV/TV alone. Having established that the observed differences were not an artefact of ill-fi t-
ting models, we considered other possible explanations. One possibility was that of a ‘lurking 
variable’ that was not included in the analysis. An obvious example of this can be seen with 
the Yang model. It has previously been demonstrated that the relation between the mechanical 
properties of bone and BV/TV vary depending on donor and anatomic site and that this is also 
related to the degree of mechanical anisotropy (37, 40, 41, 53). We have demonstrated in the 
current data that the residuals from the Yang model were correlated to the fabric. Therefore, 
with the Yang model it is likely that at least part of the site or donor-specifi c differences 
were due to differences in anisotropy between sites and/or donors. In the Zysset and Cowin 
models, fabric was incorporated in the analysis. However, we have previously demonstrated 
that a number of other morphometric parameters such as connectivity, structure model index, 
trabecular thickness and trabecular spacing vary widely between BV/TV adjusted sites and 
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donors. It is possible that the relation between morphometric and mechanical anisotropy is 
modulated by these other morphometric parameters.
Although all three of the morphology elasticity relations performed reasonably, each had 
unique qualities. Therefore it is not possible to discuss the presence of site-specifi c or do-
nor-specifi c effects without considering the context of which relation was being used at the 
time. In absolute terms, the Cowin model consistently outperformed the others, producing 
a higher coeffi cient of determination and smaller residuals. However, it also suffered from 
several limitations. At the lowest values of BV/TV it produced both large relative errors and, 
occasionally, stiffness matrices that were not positive defi nite. This was true for the skeletal 
site L2 (Figure 8.5A left) as well as for three donors with low BV/TV (Figure 8.5B bottom 
left). While the relative errors for two of the donors with low BV/TV could be improved sub-
stantially by using donor-specifi c fi ts, this was not effective for either donor 7 or L2. While 
the problem of invalid stiffness matrices could be corrected when using the Cowin model, 
it was avoided in the Yang and Zysset models because of their use of log transformed data. 
This resulted in smaller errors at low BV/TV and thus smaller relative errors, especially in 
the case of the Zysset model (Figure 8.5). The major disadvantages of these two models were 
over-constraint in the case of the Zysset model and a lack of constraint for the Yang model. 
As opposed to the 18 constants in the Yang and Cowin models, the Zysset model was highly 
constrained with only 5. Because of the increased constraint, the Zysset model was very 
stabile in the cross-validation. However, it did not have the fl exibility necessary to model the 
relatively linear behaviour of E11 as a function of BV/TV, resulting in severely overestimated 
c1111 entries of the stress matrix (Figure 8.4, center). This was especially apparent for the 
magnitude of the absolute errors when fi tting the data from the femoral neck (Figure 8.5A). 
In contrast to the Zysset model, the Yang model offered a great deal of freedom for the model 
fi t. This model used only one dependent variable (BV/TV), but fi t each stiffness matrix entry 
using two constants that were independent of the other stiffness entries. Although the Yang 
model was the only model that could consistently predict the Poisson’s ratios (Table 8.3B) 
and did not suffer from the limitations of the Zysset model with repect to the behaviour of 
E11, it still exhibited the poorest performance of the three models. This was not surprising 
since both of the other models included fabric as well as BV/TV as inputs. When split by 
stiffness matrix entry, the residuals of the Yang model were correlated to the fabric term 
as defi ned in the Zysset model with R2 values of up to 0.54 for the c1111 matrix entry. The 
Yang model could also produce nonsensical results when used to extrapolate with respect to 
BV/TV. For example, if the fi t from L2 were extrapolated to values of BV/TV greater than 
0.24 the predicted value for E11 was actually smaller than that for E22. Another example of this 
point can be seen where there was a large infl ation of the estimation error in the cross-valida-
tion for the femoral neck.
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In the present study we used fi nite element models derived from microCT scans to fully 
characterize the mechanical properties of our specimens. This has certain advantages as well 
as limitations. The greatest advantage of this method is that it is possible to fully characterize 
the mechanical properties of a small specimen using six simulated tests. This avoids many of 
the known limitations of mechanical testing such as artefacts due to end effects, the need for 
a priori knowledge of the material’s principal directions, and the possibility of accumulating 
damage of the sample during sequential testing. However, because of the necessary assump-
tions that the bone tissue is a homogeneous isotropic material it is only possible to compare 
the mechanical behaviour of the trabecular architecture between donors or skeletal sites. It 
has been previously demonstrated in the BIOMED data set that mineralization varied both 
between donors and skeletal sites with the lumbar spine being the least mineralized and the 
femur most(198). This implies that subtle variations in bone tissue properties existed that 
were neglected in the current study.
A fundamental requirement for both fi nite element homogenization and traditional mechanical 
testing is that the specimens should be small enough to avoid heterogeneity of the structure 
yet still contain enough trabecula to act as a continuum. It has been previously demonstrated 
that these requirements are met when cubes are used where there are at least 5 trabeculae 
across the specimen in each direction. This is normally satisfi ed for a 5 mm block of human 
bone(220, 226). However, in the current study we analyzed a number of specimens with very 
low BV/TV. For these specimens the accuracy of the fi nite analysis may be limited due to the 
failure to meet the continuity assumption.
Although intuitive interpretation of the compliance matrix is easier, we chose to use the stiff-
ness matrix for our analysis. It has been previously demonstrated that the Cowin model per-
forms better when used with the stiffness matrix(55, 215) and this observation was repeated 
in our pilot testing. When fi tting to the compliance matrix, the inversion of the elastic moduli 
tended to create large errors for the samples with low BV/TV where the fi nite element results 
were not as reliable.
Trabecular bone is an anisotropic material. Understanding the orthotropic behaviour of tra-
becular bone could lead to improved modelling of bone for device design or patient specifi c FE 
models. It could also improve understanding of adaptive bone remodelling and the response 
of bone to mechanical stimulus. The incorporation of measures bone anisotropy may improve 
failure criterion or improve the predictive power of existing measures of fracture risk. When 
it is not possible to obtain a measure of morphometric fabric, the model presented by Yang 
et al. provides a reasonable estimate bone’s orthotropic mechanical properties. However, this 
model is not suitable for extrapolation with respect to skeletal site. Incorporating a measure 
of bone fabric into estimates results in a more accurate model, especially when the model is 
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trained using a set derived from the skeletal site of interest. However, donor-specifi c effects 
do exist and may degrade model performance for donors with low bone density.
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Chapter 9
Trabecular bone micro-architecture and orthotropic 
mechanical properties
Day JS, Waarsing JH, Sumner DR, Weinans H
Abstract
While bone mass is a major predictor of the mechanical properties of trabecular bone it is believed 
that trabecular micro-architecture is also important. In the present study we have investigated 
the contribution of micro-architecture to the orthotropic mechanical properties of human trabecu-
lar bone from two large datasets. The fi rst set consisted of 487 trabecular bone specimens from 
the proximal tibia of 35 donors. The second set consisted of 235 specimens from the calcaneus, 
femoral neck, iliac crest, and second lumbar vertebra of 70 donors. MicroCT scans were used 
to quantify the following morphometric parameters BV/TV, BS/BV, Tb.Th, Tb.Sp, connectivity 
density, structure model index and the fabric tensor (by mean intercept length). Finite element 
models, created from the microCT images, were used to fully characterize the mechanical proper-
ties of each specimen. A principal components analysis revealed that the majority of variance in 
morphometry could be described by three components: density related (BV/TV, BS/BV, Tb.Th, 
structure model index), connectivity related (Tb.Sp, connectivity density) and anisotropy related 
variance. A fabric-based relation between morphometry and the elastic properties of trabecular 
bone was extended to include further variables. This resulted in a 13-16% reduction of the standard 
error of the estimate for these relations.
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Introduction
Osteoporosis is described as, “a systemic disease characterized by low bone mass and mi-
croarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and 
susceptibility to fracture (227).”. Because bone mass can be quantifi ed directly using clinical 
tools such as DEXA, its link to fracture risk can be demonstrated directly. For women, the 
age-matched relative risk of fracture is between 1.3 and 2.6 for each standard deviation of 
bone density below the age-matched mean (26). The concept of bone quality, however, is 
multifaceted and includes degeneration of bone micro-architecture, quality of the collagen 
matrix, mineralization and the accumulation of microdamage. At this time, there are no widely 
accepted clinical tools to measure these parameters. As a result, the importance of bone qual-
ity for the resistance to fracture must be either measured in the laboratory or inferred from 
epidemiological evidence after correcting for bone mass.
The epidemiological case for the importance of bone quality is compelling. Independent of 
bone mass, risk factors for fragility fractures include: age, family history of fragility frac-
tures, presence of a previous fracture, smoking, high levels of alcohol consumption, use of 
corticosteroids, and low body mass index. Further, the majority of fractures occur in patients 
who are not osteoporotic but osteopenic (227). While some of the aforementioned risk factors 
may be associated with an increased risk for falls, a case for the importance of bone quality 
remains strong. 
The concept that bone micro-architecture may be a determinant of fracture risk is not new. It 
has long been noted that degeneration of the continuity of the trabecular structure in the proxi-
mal femur, as observed on radiographs, provides a useful index of osteoporosis (2). Multiple 
in vitro studies have been performed to quantify the relation between micro-architecture 
and either fracture or the mechanical properties of bone. Histological studies of biopsies of 
trabecular bone from subjects with fractures indicate that there is a decreased connectivity 
(186, 210, 228-230) and increased anisotropy (177, 212) compared to age matched or BMD 
matched controls. This is further supported by studies that apply multiple regression models 
to demonstrate that the mechanical properties of trabecular bone specimens are related to 
various architectural parameters such as connectivity, thickness, spacing or material anisot-
ropy even after correction for bone mass (55, 171, 189-191). Of these regression models, 
none have performed consistently as well as the ‘fabric’ based models. These are models that 
predict the multiaxial mechanical properties of trabecular bone based on measures of bone 
mass and a description of the material anisotropy (or fabric), usually derived using the Mean 
Intercept Length (MIL) (44).
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In the current study, we have investigated the importance of micro-architecture on mechanical 
stiffness using a unique data set of trabecular bone from a large number of donors and skeletal 
sites. First, using a principal components analysis we have investigated the structure of the 
variance within the morphometric data in order to identify architectural parameters that were 
likely to contain unique information. Next, we evaluated the improvement in performance of 
a fabric-based model to predict stiffness after incorporating further architectural variables. 
Finally, we investigated the ability of morphometric parameters to predict inter-subject and 
inter-site variations of the mechanical properties of trabecular bone.
Materials and Methods
Donor populations
Trabecular bone specimens were cut from the proximal tibia of 35 donors supplied by the Gift 
of Hope (GOH) Organ and Tissue Donor Network (male: n = 18, agemean= 65 agesd= 12; female: 
n = 17, agemean= 67 agesd= 12). Samples were prepared by cutting a transverse bone slab from 
the proximal tibia. The fi rst cut was taken immediately distal and parallel to the subchondral 
bone plate at the proximal aspect of the tibial tuberosity. The thickness of the slab was scaled 
to 16% of the medial-lateral width of the tibia resulting in thicknesses that varied between 
10-14mm. A rectangular grid of 7.5mm cylindrical specimens was drilled from this slab using 
a diamond core drill. This grid contained 3 samples in the anterior-posterior direction and 5 
samples in the medial lateral direction, yielding ~15 samples per donor.
A second set of human trabecular bone specimens was obtained from European Union 
BIOMED I Concerted Action “Assessment of Bone Quality in Osteoporosis”. This popula-
tion, including cause of death, has been previously described in detail(198, 223). Briefl y, tra-
becular bone samples originated from 70 human cadavers with ages ranging from 23-92 years 
(male: n = 38, agemean= 67 agesd= 15; female: n = 32, agemean= 73 agesd= 15). For the present 
study, 235 specimens from the right femoral neck, center of the second lumbar vertebral body, 
calcaneus, and anterior-superior part of the iliac crest were used. Samples were excluded if 
they contained compact bone, could not be harvested in one piece or contained large voids. A 
portion of the analysis of this data has been previously reported (189).
All samples were subjected to screening wherein samples were excluded from further analy-
sis if they included compact bone, could not be harvested in one piece, had a BV/TV of less 
than 0.03 or contained large voids.
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Micro-CT analysis
Specimens were scanned in one of two high-resolution micro-tomographic systems. GOH 
specimens were scanned at a nominal resolution of 20µm (µCT 40, Scanco Medical AG.). 
After scanning, a 5mm cube was selected from the center of the sample for the subsequent 
analysis. A low-pass Gaussian fi lter was used to remove noise before segmenting the gray 
scale images using individual thresholds as determined using Archimede’s principle (63). 
BIOMED specimens were scanned at a nominal resolution of 14µm (µCT 20, Scanco Medical 
AG.) and a 4mm cubic volume of interest was chosen for analysis. A low-pass gaussian fi lter 
was used to remove noise before segmenting the gray scale images using a fi xed threshold. 
The three-dimensional mean intercept length (MIL) tensor was defi ned as determined for 
each specimen using the method of directed secants (43, 44).
Finite element analysis
Finite element (FE) models were used to calculate the orthotropic apparent stiffness tensor 
for each sample. Voxel based models were created with a voxel size of 20µm for the GOH 
specimens and 28µm for the BIOMED specimens. For all elements, linear elastic and isotro-
pic material properties were assigned with a Young’s Modulus of 10 GPa and a Poisson’s ratio 
of 0.3. A series of six fi nite element problems were solved for six uniaxial strain cases using 
the preconditioned conjugate gradient method. The nearest orthotropic stiffness tensor could 
then be determined for each sample (20-22).
Principal components analysis
A principal components analysis was performed on the two sets to identify common fac-
tors in the morphometry data. In this way, we could determine which of the morphometric 
parameters shared variance. We used the following parameters as variables: BV/TV, ln(BS/
BV), SMI(46), CD(49), Tb.Th, Tb.Sp(45), and the degree of mechanical anisotropy (DA) 
derived from the FE data (E11/E33). We chose to use the FE data to calculate the degree 
of anisotropy because we feel that the FE model gives the ‘gold standard’ for anisotropy. 
The log transformation of BS/BV was necessary to improve linearity in relation to the other 
variables. After viewing the scree plots (plots of the eigenvalues sorted by relative size) for 
the two analyses we chose to extract 3 components (231). The analysis was performed on the 
correlation matrix and employed a varimax rotation. This type of rotation is used to improve 
interpretation of the results. 
Morphology-elasticity relations
The relations presented by Cowin et al. are normally used to predict the entries of the stiffness 
matrix (c) based on a power relation for the volume fraction (k) and the entries of the fabric 
tensor (m). In our pilot testing we have determined that 1.45 was the optimal exponent for 
this power relation. In this relation, the eigenvalues of the fabric tensor (m1, m2, m3) were 
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derived from inverse of the square root of the MIL tensor then sorted such that m1 > m2 > m3 
and normalized such that m1 + m2 + m3 = 1(56, 191, 219).
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We have extended the original power function (ki1, ki2) to incorporate a number of linear 
morphometric terms (ki3 to ki7):
 BVBSkSpTbkThTbkSMIkCDkTVBVkkk iiiiiiii /../ 76543
45.1
21 ++++++=  (2)
The terms ki3 to ki7 were not entered into this relation in a block, but in a stepwise fashion. 
The value of 1.45 for the exponent was determined to be appropriate during pilot testing. At 
each step the term was added that yielded the largest improvement of the Pearson correla-
tion coeffi cient and the signifi cance of this improvement was evaluated using an F test as 
follows(224):
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where F had (pextended-pgeneral)and (9n-pextended –1) degrees of freedom.
In addition to the fabric-based relation of Cowin we also included the model presented by 
Yang et al. which uses a power based relation to fi t the components of the stiffness matrix (c) 
based on volume fraction alone (217, 222).
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where i,j = 1,2,3; i ≠ j. Thus 9 multiplicative (λ x 6, μ x 3) and 9 exponential (k) constants were 
required to determine the mechanical properties. The value of ρ used in this study was not 
the true apparent density, but the bone volume fraction (BV/TV). This model was included 
so that it would be possible to evaluate the contribution of fabric to the predictive power of 
the models.
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The constants for each relation were fi t using the multiple regression method described in 
detail by Zysset (55). Briefl y, the equation: 
 c = Xb + e (5)
was constructed where c was a 9n vector containing the 9 unique components of the compli-
ance matrix for n specimens, X was the 9n×p matrix containing the volume fraction and 
fabric data, b was a vector containing the p constants in the model and e was the vector of 
the residuals. Equation (4) could then be solved for c using singular value decomposition to 
obtain the pseudo-inverse X+ of X:
 b = X+ c (6)
All of the morphometry-elasticity analyses were performed using custom written Matlab 
(http://www.mathworks.com) code.
Variance Components Analysis
In order to understand the structure of the residual variance after fi tting the morphometry-
elasticity relations, we performed a variance components analysis. For each of the Yang, 
Cowin and extended Cowin analyses the residuals were used as a dependant variable. Donor 
and skeletal site (BIOMED only) were entered as random factors and the variance structure 
was extracted using the maximum likelihood method.
Results
Principal components
In the principal component analysis it was possible to account for over 92% of the total vari-
ance in morphology using 3 principal components. The scores of the fi rst principal component 
were dominated by BV/TV, BS/BV, Tb.Th and SMI. The second component was dominated by 
CD and Tb.Sp and the third component was dominated by the DA. Generally, we considered 
the components to represent ‘density related’, ‘connectivity related’ and ‘anisotropy related’ 
variance, respectively. These results were very similar for the two data sets (Table 9.1).
Morphology-elasticity relations
All of the morphology-elasticity relations tested in the current study gave excellent prediction 
of the components of the stiffness matrix for both data sets with Pearson’s correlation coef-
fi cients that ranged from 0.96 to 0.99 (Table 9.2, Figure 9.1). Moving from the Yang model, 
which used only BV/TV as an independent variable, to the Cowin model, which included 
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fabric as an independent variable, resulted in a 15% reduction of the standard error of the 
estimate (SEE) for the BIOMED data and a 37% decrease in the SEE for the GOH data. 
Extension of the Cowin model resulted in a further 16% decrease of the SEE for the BIOMED 
data and a 13% decrease of the SEE for the GOH data (Table 9.2). In both the BIOMED and 
GOH data, the two morphometric parameters that gave the best improvement of the model 
in the fi rst step of the regression were CD and Tb.Sp. In the BIOMED data, CD performed 
slightly better than Tb.Sp and this was reversed in the GOH data (Table 9.2). In both data 
sets SMI was the second parameter included in the extended model. Although all of the archi-
tectural parameters gave signifi cant improvement to the model fi t (as assessed by F tests for 
BIOMED DATA Component
 1 2 3
Cumulative % of Total Variance
51.8 78.5 93.8
BV/TV -.904 -.364 -.191
ln(BS/BV) .971 -.046 .197
Tb.Th -.956 .075 -.112
SMI .861 .209 .318
CD .128 -.920 -.181
Tb.Sp .298 .898 .047
DAmech .329 .183 .920
GOH DATA Component
 1 2 3
Cumulative % of Total Variance
48.4 78.1 92.7
BV/TV -.879 .454 -.047
ln(BS/BV) .979 .001 .110
Tb.Th -.943 -.070 -.145
SMI .841 -.262 -.001
CD -.023 .966 -.027
Tb.Sp .212 -.932 -.054
DAmech .126 .014 .990
Table 9.1: Rotated components from prinicpal components analysis of morphometry data. 
The three principal components represent over 90% of the variance in the morphometry data 
in a more compact form. The fi rst component represents the ‘density related’ portion of the 
variance. The second component represents ‘connectivity related’ variance and the third rep-
resents ‘anisotropy related’ variance. Component loadings of less than 0.3 were considered of 
lesser importance and are greyed out to facilitate interpretation of the results.
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BIOMED GOH
R2 SEE R2 SEE
Yang (BV/TV) 0.9796 56.5 0.9600 41.6
Cowin (BV/TV + Fabric) 0.9852 48.3 0.9842 26.3
Cowin + BS/BV 0.9868 45.7 0.9859 24.9
Cowin + CD 0.9880 43.6 0.9875 23.5
Cowin + SMI 0.9874 44.6 0.9865 24.3
Cowin + Tb.Th 0.9872 45.0 0.9862 24.6
Cowin + Tb.Sp 0.9879 43.8 0.9873 23.6
Cowin + CD + SMI 0.9894 41.0
Cowin + Tb.Sp + SMI 0.9882 22.8
Cowin + CD + SMI + Tb.Th 0.9898 40.2
Cowin + Tb.Sp + SMI + CD 0.9888 22.2
Cowin + CD + SMI + Tb.Th + BS/BV 0.9903 39.3
Cowin + Tb.Sp + SMI + CD +Tb.TH 0.9898 21.3
Cowin + All 0.9904 39.0 0.9900 21.1
Table 9.2: Summarized results of multiple regression analysis. A stepwise multiple regression 
analysis was performed to determine whether the addition of morphometric parameters could 
improve the prediction of the components of the stiffness matrix compared to a fabric based 
morphometry-elasticity model (Cowin). A density-based model (Yang) was also included to 
assess the contribution of fabric. Models were evaluated based on goodness of fi t (R2) and the 
standard error of the estimate (SEE).
BIOMED Data
Variance Component Yang Cowin Extended Yang Cowin Extended
Skeletal Site 246 146 13 7.5% 6.1% 0.8%
Donor 122 139 24 3.7% 5.8% 1.6%
Donor-Site Interaction 209 313 46 6.3% 13.1% 3.0%
Unexplained Error 2715 1793 1464 82.5% 75.0% 94.6%
GOH Data
Variance Component Yang Cowin Extended Yang Cowin Extended
Donor 110 117 14 6.1% 16.4% 3.1%
Unexplained Error 1697 598 442 93.9% 83.6% 96.9%
Table 9.3: Variance components analysis of the residuals. After fi tting the morphology-elasticity 
relations, a variance components analysis was used to identify structure within the residuals. 
Residual variation was partitioned into skeletal site (BIOMED only), donor, interaction (where 
appropriate) terms, and unexplained error. The results are expressed in raw variance (left) and 
percent of total variance (right).
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Figure 9.1A: BIOMED data.
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Figure 9.1B: GOH data.
Figure 9.1: Predicted stiffness matrix entries plotted against FE derived values for 3 morphom-
etry-elasticity models. The Yang model was used to predict elasticity based on only density 
(BV/TV). The Cowin model utilized a combination of density and fabric (BV/TV + fabric). The 
extended model was an extension of the Cowin model that included (BV/TV, fabric, BS/BV, 
connectivity density, structure model index, Tb.Th and Tb.Sp.
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change in R2), the majority of the improvement was seen after the entry of the fi rst one or two 
architectural parameters (Figure 9.2; Table 9.2).
Variance Components
In the analysis of the residual variance similar patterns were seen in both data sets. Mov-
ing from the Yang model (BV/TV) to the Cowin model (BV/TV + fabric), there was little 
reduction of the donor-dependant error. There was, however, a 40% reduction in the site 
dependant error in the BIOMED set and a large reduction of the unexplained variance in both 
sets. Moving from the Cowin model to the extended model (BV/TV + fabric + architecture) 
virtually eliminated both the site dependant and donor dependant portions of the residual 
error (Figure 9.3; Table 9.3).
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Figure 9.2: Regression results summarized as the standard error of the estimate (SEE). Step-
wise multiple regression models were used to assess whether the additional morphometric 
variables would result in signifi cant improvement for the estimation of the components of the 
stiffness matrix compared to a fabric-based model (Cowin: BV/TV + Fabric). These results of 
these analyses are summarized above for each step in the regression as the standard error of 
the estimate. A density-based model (Yang: BV/TV) was included to assess the contribution of 
fabric to the overall model fi t.
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Discussion
In the current study, our aims were to investigate whether additional aspects of micro-archi-
tecture information would improve the prediction of the orthotropic mechanical properties 
of trabecular bone. We used a principal components analysis to identify likely candidates 
from a pool of morphometric parameters. We found that much of the variance in morphology 
could be described by 3 components: a ‘bone mass’ component, a connectivity (or spac-
ing) component, and an anisotropic component (Table 9.1). Our results are similar to those 
reported in a previous prinicipal components analysis of the mandibular condyle (19). In our 
previous study we observed that the morphology-elasticity relation proposed by Cowin (56, 
191) provides excellent prediction of the components of the orthotropic stiffness matrix. This 
relation already included bone density and fabric as independent variables and we considered 
that it was an excellent candidate for extension to included further architectural terms. We 
used a stepwise approach to extend the Cowin model, at each step adding the morphometric 
parameter that yielded the largest signifi cant improvement in the fi t between morphology 
and elasticity. As was inferred by the principal components analysis, connectivity density 
and trabecular spacing both gave excellent improvements in the fi rst step of the model exten-
sion. Structure model index was chosen as the second extended variable in both data sets. 
While addition of further variables did result in signifi cant improvement of the model, these 
improvements were rather modest (Table 9.2).
Because bone density is the current clinical gold standard, we compared our results to a 
morphology-elasticity relation that used only bone density (BV/TV) as an independent vari-
able (217). We used a variance components analysis of the residuals to partition the variance 
between random effects for donor and site as well as error term. We found that moving from 
a density-based relation to one that also included fabric reduced a great amount of the site-
related variance and much of the unexplained variance (error term) but not the donor effect. 
Extension of the relation to include further aspects of micro-architecture reduced the amount 
of donor-related residual variance to negligible levels (Figure 9.3).
It has been extensively reported that the uniaxial mechanical properties of trabecular bone are 
strongly related to the apparent density (52, 53). The relation between density and Young’s 
modulus varies widely between skeletal sites. This is also the case for both the shear proper-
ties and the degree of mechanical anisotropy (37, 40, 41, 232). The importance of mechanical 
anisotropy and its relation to the morphometric fabric has been previously noted, and multiple 
relations have been proposed to relate the mechanical properties to density and fabric (55, 56, 
171, 191, 218-220, 233). In the present study we have demonstrated that the addition of fabric 
to the density relations (i.e. moving from the Yang model to the Cowin model) resulted in a 
substantial reduction of the residual variance associated with skeletal site. In addition to the 
140
Chapter 9
reduction of the site-related component, there was also a large reduction in the ‘unexplained’ 
component of the residual variance. It is likely that the addition of fabric to the model was 
also able to correct for the wide range of bone anisotropy observed within a single skeletal 
site. In this case, the reduction of the unexplained error was due to within-site variation of the 
sampling location. This can explain why this reduction was so large in the GOH data where 
we intentionally took samples from a variety of locations within one skeletal site as opposed 
to the BIOMED data where the sampling location was controlled as strictly as possible
In the current study we have extended a fabric based morphology-elasticity relation to include 
further architectural variables. We chose to use fabric-based models because they are known 
to give excellent predictions for the full orthotropic stiffness matrix (55, 191). Previous 
studies have used one of two methods to investigate the effects of micro-architecture on 
trabecular bone mechanics. In the fi rst approach, similar to ours, the mechanical properties 
of a number of samples were characterized either by mechanical testing or fi nite element 
modeling. Multiple regression methods were then used to construct predictive models based 
on the morphology (171, 174, 175, 215). In the other approach, a population of pathological 
donors were compared to an age matched or BMD matched control group. This approach has 
been used frequently to assess bone quality in groups that have experienced fractures (i.e. 
exhibit inferior mechanical properties) (170, 177, 186, 209, 210, 229, 230, 234). While the 
two approaches tend to yield similar results, there is considerable disagreement on the role of 
connectivity. Studies that compare fracture patients to controls seem to consistently indicate 
that fracture is associated with lower bone connectivity. However, a recent study of the effect 
of connectivity on bone stiffness after controlling for bone mass indicated a decline in stiffness 
was associated with increased connectivity. In addition, it has recently been demonstrated 
that reduced mechanical stiffness can be accompanied by either an increase or decrease of 
connectivity (132). This is because during bone loss, connectivity can be increased when a 
trabecular plate is perforated or decreased when a strut is severed. In the current study we 
found that ‘connectivity related’ parameters (CD and Tb.Sp) were important for the reduc-
tion of donor-dependant residuals. While this indicated a potential for ‘connectivity related’ 
parameters to identify patients with a propensity to fracture, we also observed a negative 
relation between connectivity and adjusted stiffness (observed by examining the residuals 
from the basic Cowin model).
In the current study we used fi nite element models to estimate the orthotropic mechanical 
properties of 4-5 mm cubes of trabecular bone. Our morphometric analysis was performed 
using true three-dimensional parameters. While we feel that these methods are the best avail-
able for this type of analysis they still have limitations. For the fi nite element analysis it was 
necessary to assume that the Young’s Modulus of bone at the matrix level was isotropic, 
homogenous, and was the same for all of the donors. Thus, we examined the contribution 
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of only micro-architecture to the mechanical properties and ignored all tissue and matrix 
level effects such as mineralization or microdamage. A second assumption, required for the 
homogenization of the fi nite element results was that the samples of trabecular bone were 
suffi ciently large as to approximate the apparent mechanical properties as a continuum. This 
is normally satisfi ed for a 5 mm block of human bone(220, 226). However, in the current 
study this limit may have been exceeded for specimens with low bone volume fractions. 
Our use of three-dimensional model free morphometric parameters was intended to reduce 
biases that can be introduced when using the parallel plate model (43, 45, 54, 193, 233). 
This is of particular concern in the present study where trabecular spacing was an important 
parameter. Because the plate model calculates the trabecular thickness, spacing and number 
based on a measured surface and bone volume fraction it severely constrains the solution, 
especially for the trabecular spacing (193). In the present study, we have demonstrated that 
the connectivity and trabecular spacing contain important information that is independent 
of the specifi c surface (BS/BV) and the bone volume fraction. Similar to the fi nite element 
models, the measurement of morphometric parameters requires large enough samples to be 
representative of the structure with minimal edge effects (235). While we have demonstrated 
interesting fi ndings in the current study, we feel that it is likely that much of the unexplained 
variance is due to sampling noise in our relatively small specimens.
We recommend that a description of trabecular micro-architecture requires one measure 
of bone mass, one measure of anisotropy and one of connectivity related parameters. Us-
ing a combination of these three measures seems to provide enough information to predict 
the orthotropic mechanical properties of trabecular bone. After correcting for bone mass, 
accounting for morphometric anisotropy is necessary for the prediction of the mechanical 
properties of bone from multiple skeletal sites. For differences between people, a measure of 
connectivity is necessary.
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In the current body of work, we have examined many aspects of the concept of ‘bone qual-
ity.’ Curiously, ‘bone quality’ is defi ned not by what it is, but by what it is not; i.e. bone 
quality describes all of the properties of bone that are not bone mass. In essence, quality is 
a combination of micro-architecture, collagen quality, mineralization, mineral quality, and 
microdamage.
Bone as a material has many hierarchical levels of organization. Thus, any discussion of its 
mechanical properties should also take into account the level of organization that is under 
investigation (67). At the nanostructural scale, the Young’s modulus of bone is determined by 
the material composition, matrix quality, and lamellar structure and varies between 12 and 30 
GPa (65, 236, 237). At the microstructural level (micron scale) material discontinuities such 
as microcracks, osteocyte lacuna and osteonal boundaries disrupt the material continuity. The 
resulting Young’s modulus is therefore reduced, usually in the range from 5 to 20 GPa (20, 
52). At the structural level (or apparent level in trabecular bone), the mechanical properties 
of bone are infl uenced by all of the underlying material properties plus the effects of porosity 
and micro-architecture. At this level of scale, the Young’s modulus can vary widely in the 
mega to gigapascal range.
We have been able to take advantage of recent developments in microcomputed tomography, 
fi nite element modeling, and three-dimensional morphometry to both characterize bone mi-
cro-architecture and evaluate its contribution to the elastic properties at the apparent level. 
Using a variety of methods we have also investigated the properties of the calcifi ed tissue at 
the microstructural level. While our use of highly detailed fi nite element models allowed us 
to uncouple the effects of micro-architecture from the material properties, there were some 
limitations. The modeling assumptions required the properties of the calcifi ed tissue to be 
approximated as an isotropic homogenous medium. This is a simplifi cation of the true mate-
rial properties (158, 159). The resolution of the model, sample size and the applied bound-
ary conditions can also affect the results of fi nite element analyses (15, 70). Additionally, 
non-ideal behaviour such as buckling could not be represented by the models’ linear brick 
elements (16). We have taken care to minimize these errors during our experiments by using 
bone samples that were of adequate size to represent the true continuum(226), by ensuring 
that scans and fi nite element models were of suffi cient resolution to minimize errors, and by 
using mechanical testing protocols that produced only limited end-effects (17). However, we 
feel that there were limitations to the accuracy of the models for bone samples with very low 
bone volume fractions.
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Morphometric parameters and bone micro-architecture
Recent advances in imaging and image analysis have led to an explosion of the number 
of morphometric parameters that can be quickly and conveniently measured. In chapter 6, 
we demonstrated that the use of 3D methods eliminate the biases introduced by 2D model- 
based methods. However, it should be noted that many parameters are introduced with little 
consideration of how they relate to previously existing parameters or whether they actually 
offer new or better information. In our study of a limited number of parameters (chapter 9) 
we found that the information from seven morphometric parameters could be represented by 
three principal components that broadly represented density-related, connectivity-related, and 
anisotropy-related variance. These fi ndings were in agreement with a previously published 
study (19) and will be discussed further in the following sections.
In addition to the baffl ing number of available morphometric parameters, the results of many 
morphometric studies are presented using obsolete techniques. Although a clearly superior 
direct method exists for the measurement of thickness and spacing of trabecular structures, 
many researchers still use the plate model, a method that is well known to produce biased 
results (43, 45, 54, 193). Although there has been some effort towards standardization of the 
measurement and reporting of two-dimensional histomorphometry (166), this has not yet 
occurred for three-dimensional methods.
While morphometric parameters are useful for interpreting the mechanisms of bone degenera-
tion with aging or disease, the ‘Holy Grail’ of this fi eld is the search for the perfect parameter, 
or combination of parameters for the prediction of fracture. We consider micro fi nite element 
(FE) models to provide a ‘gold standard’ measure of the contribution of architecture to the 
mechanical properties of trabecular bone. By assuming that bone is an orthotropic material, 
its stiffness can be fully described by a mere 9 constants: 3 Young’s moduli, 3 shear moduli 
and 3 poisson ratios (21, 190, 218). However, use of FE models for the prediction of fracture 
risk will require an increased knowledge of the forces encountered during fracture. Although 
it is well known that the strength and stiffness of bone are highly correlated during uniaxial 
loading there have been few studies of multiaxial loading. Further, the applied loads encoun-
tered during clinical fracture are not yet completely understood. Therefore, it is not currently 
known whether the principal axis strength, off-axis strength, rigidity or a combination of 
these properties are crucial(238).
While FE modeling provides an ideal method for the examination of bone properties in the 
lab, there are signifi cant barriers to its clinical use. Achieving a scanning resolution that is 
suffi cient to resolve individual trabeculae requires expensive equipment and, for computed 
tomography, high doses of radiation. In contrast, DXA, the current clinical standard, provides 
both a safe and inexpensive method to measure both areal BMD and the macro-geometry of 
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the skeletal site of interest. For these reasons, it is likely that DXA will continue to be used as 
the clinical gold standard in the near future.
Structural anisotropy
Trabecular bone is mechanically anisotropic and its effi ciency as a material lies the arrange-
ment of its porous structure. It has long been proposed that the alignment of bone fabric is 
adapted to the principal stress trajectories (3), and this has been applied to simulations of 
bone adaptation (9, 239). While there has been intensive study of the factors that infl uence 
bone mass, there is little known about the development or control of anisotropy in trabecular 
bone. In a recent study of the development of structure in porcine bone it was demonstrated 
that bone density was adapted to mechanical loading early in development and that this was 
followed by reorganization of the anisotropic structure (240). It has been also suggested that 
in the vertebrae, the structural anisotropy increases during aging as horizontal trabeculae are 
preferentially resorbed (214, 241). In our study of bone morphometry, we have confi rmed 
previous observations that the degree of anisotropy was one of the few morphometric param-
eters that was not highly correlated to the bone mass (38, 199). In our principal components 
analysis of morphometric parameters, we identifi ed anisotropy as an independent factor. 
Surprisingly, when we investigated morphometry-elasticity predictive models, we found that 
the addition of fabric to a model based on bone volume fraction reduced the residual variance 
signifi cantly, but that this reduction was associated with site-dependant and sampling effects 
rather then to donor-related effects.
In order to further understand the role of anisotropy, we have investigated a sub-population 
of the GOH data set. This data set consisted of biopsies of trabecular bone from the proximal 
tibia of 35 donors. Based on previous suggestions that the loss of horizontal trabeculae plays 
an important role in aging in females, we selected 5 female donors with low bone mass for 
further analysis. We found that although these donors tended to have a highly connected tra-
becular network there was surprising variation in the thickness and spacing of the trabeculae 
(Appendix B; Figure 10.4). Further, the micro-architecture of the bone from these donors 
was, after correction for bone volume fraction, much stiffer than the rest of the population in 
the main direction (E11) and weaker than the rest of the population in the transverse directions 
and in shear (Appendix B; Figure 10.5). Similar results have been reported previously in 
both the vertebrae and femoral heads of donors who experienced fractures as compared to 
controls (242). In this study it was suggested that osteoporosis and the tendency to fracture 
were actually due to over-adaptation of bone structure to normal mechanical stimulus. While 
our results do indicate that the donors with low bone mass were over-adapted in the princi-
pal loading direction we could not confi rm whether this was a cause or effect of bone loss. 
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Further, although we didn’t have a large enough sample size to perform a rigorous statistical 
analysis, it seemed that this ‘over-adaptation’ was common in donors with low bone volume 
fractions.
In our study of morphometry-elasticity relations we chose to use the mean intercept length 
for the measurement of fabric (44). This method is surface based and quantifi es the number 
of bone/marrow interfaces in each direction. A number of other volume based methods have 
been proposed and generally yield similar results (215, 243).
In chapter 8 we saw that the relation between morphological and mechanical anisotropy 
was site-dependant. We have displayed this relation again in a slightly different format in 
this chapter (Figure 10.1). A further investigation revealed that part of this effect could be 
explained by differences in the bone volume fraction between sites (data not shown). It is 
possible that other architectural differences between the skeletal sites were also involved. It is 
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Figure 10.1: A plot of the eigenvalues of the fabric tensor plotted against the normalized prin-
cipal Youngs Moduli. The ‘strength’ of the fabric in the three principal directions (normalized 
so that h1 + h2 + h3 =1) was plotted against the normalized Youngs moduli (normalized so 
that E11 + E22 + E33 = 1) for each sample. Samples are grouped by site with the same colour 
and plotted for all three directions (i.e. Tib-1 is a tibial sample plotted for the main direction). 
This graph shows that there were clear site-dependent effects on the relation between mor-
phometric and mechanical anisotropy. A further investigation revealed this relation was also 
infl uenced by bone volume fraction.
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also possible that some of the differences were due to a mechanical transition from trabecular 
bending at the lowest volume fractions to a combination of bending and axial loading at 
higher volume fractions.
Structural connectivity
Structural connectivity is often considered an important determinant of the strength of tra-
becular bone. During normal bone remodeling, thin trabeculae may become disconnected 
during resorption. These trabeculae are often not reconnected during the formation phase and 
are thereafter ‘lost.’ It is believed that the loss of trabecular connections, especially in the 
directions that are not routinely loaded, is more pronounced in women than men during aging 
(207, 208). A decrease of trabecular connectivity has been observed in biopsies from the iliac 
crest of patients with vertebral fractures (186, 210, Legrand, 1999 #804, 229). This supported 
the concept that a loss of connectivity during aging can disrupt the trabecular network, result-
ing in weaker bone. However, this view has been challenged as there have also been a number 
of studies that demonstrated unchanged or increased connectivity in trabecular bone both 
from sites of fracture and from the iliac crest (177, 209, 244, 245).
Although many studies have investigated the micro-architecture of patients who have experi-
enced fractures, few studies have tried to directly quantify the contribution of connectivity to 
the mechanical properties of trabecular bone. Kabel et al. used microFE models to study the 
contribution of connectivity to the mechanical properties of trabecular bone specimens after 
correcting for the bone volume fraction (174). They found that adding connectivity to the re-
lation between the Young’s modulus and bone volume fraction reduced the residual error by a 
modest 8% in a set of multiple biopsies from various anatomic sites of one donor. In a dataset 
with a smaller number of samples from a multiple donors, the connectivity accounted for 31% 
of the residual error. It was striking that higher values of connectivity were associated with 
a decreased Young’s modulus. In a similar study, a simulation model was used to investigate 
the changes of the mechanical properties in a small number of specimens during bone atrophy 
and recovery (175). No functional relationship was found between connectivity and elasticity, 
but there was a linear relation between loss of connectivity and loss of elastic modulus. When 
considered together, it seems that there may be different mechanisms involved with the loss 
of connectivity during aging (i.e. within one person) compared to developmental or genetic 
differences in connectivity between people.
In the current body of work we observed a substantial range in the relation between micro-
architecture and bone volume fraction. As we have noted in Chapter 7, the micro-architecture 
varied widely between donors and we could clearly identify donors with a ‘coarse’ structure 
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(low connectivity, wide spacing, thick, plate-like trabeculae) and donors with a ‘fi ne’ struc-
ture (high connectivity, close spacing, and thin, rod-like trabeculae). Connectivity was tightly 
related to the trabecular spacing and the variation of connectivity was somewhat independent 
of both the bone volume fraction and the degree of anisotoropy. Addition of connectivity 
or trabecular spacing to a fabric-based model for predicting the elastic properties of bone 
decreased the residual variance by approximately 15%. Much of the donor-specifi c variance 
was related to the connectivity (Chapter 9). In order to further investigate the effect the archi-
tecture on the mechanics we have plotted data from a subset of ‘coarse structured’ and ‘fi ne 
structured’ donors in Appendix C (Figure 10.6). When we examined the FE data, we found 
that the coarse structures were architecturally more effi cient with a higher elastic modulus 
and rigidity in all of the principal directions with the exception of the main loading axis. The 
observation that the relative stiffness was not different in the main direction may indicate that 
although these different donors employed different architectural strategies, the stimulus to 
which they adapted was the loading in the main direction, thus resulting in similar resultant 
stiffness of the bone in that direction.
Bone quality, micro-architecture and calcifi ed tissue properties; 
implications for clinical treatment
In the previous sections of this chapter, we have been presented with what seems to be 
contradictory evidence. In our examination of trabecular micro-architecture, the donors 
with a ‘coarse’ trabecular structure had a more effi cient architecture than those with ‘fi ne’ 
trabecular structure. However, in Chapter 7 we saw that in the BIOMED dataset (biopsies 
from 70 donors at four skeletal sites), donors who had experienced previous fractures tended 
to have ‘coarser’ structure i.e.wider trabecular spacing with a lower trabecular number. This 
suggests that there may be some interaction between the calcifi ed tissue properties and the 
trabecular micro-architecture. In a recent series of articles, Banse et al. demonstrated that 
both the mechanical properties of bone and its micro-architecture were related to collagen 
cross-link profi les, independent of bone mass (33, 129, 246). We did not have information 
regarding the collagen properties of the specimens in our two data sets (GOH and BIOMED). 
However, in the GOH data we had determined the calcifi ed tissue density using Archimedes’ 
principal. This average density provides a rough measurement of tissue mineralization, as we 
have already demonstrated in our study of bisphosphonate treated dogs (Chapter 5). Using 
the average density as a proxy for mineralization, we chose the 3 donors with the highest and 
3 donors with the lowest tissue density and plotted the relation between bone volume and 
morphometric parameters (Appendix D; Figure 10.8). We found that the hypermineralized 
donors had ‘fi ne’ structured bone and the hypomineralized donors had ‘coarse’ structured 
bone (Appendix D; Figure 10.9). It is well known that high levels of bone turnover are an 
Final Discussion
151
independent risk factor for osteoporotic fracture (247). Because of the methods used to col-
lect samples for the GOH data set, we could not screen the donors’ medical histories (i.e. for 
secondary hyperparathyroidism, renal disease, anti-resorptive therapy etc.). However, it is not 
unreasonable to suggest that the differences in levels of mineralization seen in our donors may 
be due to differences in bone remodeling rates between these donors. If this were the case, it 
suggests that the matrix quality of the hypomineralized donors may be of inferior quality.
In general, our fi ndings support the idea that there is an optimal ‘window’ for both bone 
turnover and mineralization. In chapter 5 we demonstrated that hypermineralization related 
to reduced remodeling after bisphosphonate treatment did not increase the elastic stiffness of 
the bone and resulted in an accumulation of microdamage. In chapter 7 we demonstrated that 
donors with similar bone densities can have very different trabecular architectures. In Ap-
pendix D of this chapter, we have presented preliminary evidence of a link between the tissue 
properties at the nanostructural scale and the resulting microstructure. At the present time we 
do not know if the variation in micro-architecture was due to genetic causes, inherent differ-
ences in the matrix properties, differences in remodeling rates between donors independent of 
the matrix properties, or the donors’ medical history and lifetime history of loading. However, 
the underlying reasons for the differences in both structure and tissue properties should be 
considered with respect to pharmaceutical treatment for the prevention of fracture.
Bone and the progression of oteoarthritis
It is undeniable that osteoarthritis is a disease that affects all of the tissues of the affl icted 
joint. In bone, the formation of osteophytes and subchondral cysts as well as sclerosis and 
densifi cation of the subchondral plate are clearly visible on radiographs. Since Radin intro-
duced his theories regarding the role of subchondral bone in the initiation and progression of 
osteoarthritis (OA) there has been lively debate on whether initiation of the disease begins 
in the cartilage or the underlying bone (50, 51). While resolution of this point is of great 
importance for the understanding of OA etiology, the focus on the role of bone in disease 
initiation obscures the fact that successful management of the disease will require manage-
ment of both cartilage and bone degradation. Effi cient function of a joint requires both a 
viable cartilage surface for smooth lubrication as well as stable joint kinematics, provided by 
the underlying bone. Joint biomechanics can be compromised by the erosion and deformation 
of the bony structures, while painful impingement of soft tissues by osteophytes can limit the 
range of motion. It is likely that proceeding with either chondroprotective or cartilage repair 
treatments without addressing bone related issues would limit the long-term success of any 
treatment.
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In the current body of work, we have investigated the effects of osteoarthritis on the subchon-
dral trabecular bone. In Chapter 2 we observed a reduction of the effective tissue Young’s 
modulus with in the presence of cartilage damage. The donor material that we used for this 
study was a subset of a larger study where an increased bone volume fraction and decreased 
apparent Young’s modulus were observed in the donors with damaged cartilage (98). We had 
a further opportunity to examine the association between cartilage damage and the properties 
of the calcifi ed matrix in a population of donors with varying degrees of cartilage damage. All 
of the tibiae that were supplied by the Gift of Hope (GOH) Organ and Tissue Donor Network 
had been scored visually for cartilage damage (Table 10.1). This original intent for the col-
lection of this data was to study the affect of osteoarthritis on the properties of the underlying 
bone. We have investigated both the density and effective Young’s modulus of the calcifi ed 
tissue from these donors and summarized the results in Appendix A. While this analysis did 
not lead to any statistically signifi cant fi ndings, there were some interesting trends. Both 
the density and effective Young’s modulus of the calcifi ed tissue were reduced in donors 
with mild fi brillation of the cartilage surface (Collins grade 1). These properties returned to 
normal levels in donors with more extreme cartilage damage (Figure 10.2, Figure 10.3). This 
is interesting because it bears similarity with the fi ndings that we have presented in Chapter 
3 where we observed an increased proportion of denatured collagen associated with mild 
cartilage damage. In our preliminary investigation of severe osteoarthritis of the proximal 
Collins 0 Collins 1 Collins 2 Collins 3,4
Gender Age Gender Age Gender Age Gender Age
M 38 M 49 M 53 F 51
F 46 M 52 F 55 F 55
F 50 F 57 M 65 M 69
M 50 M 66 F 66 M 71
F 54 M 71 F 68 F 72
M 68 M 75 F 71 M 74
M 71 F 85 M 71 F 66
F 72 F 72 F 75
F 74 M 75
M 75
M 77
F 92
Table 10.1: Donor list by Collins grade for GOH data osteoarthritis sub-study. Note that Collins 
Grade 4 donors are denoted in italics and that one extra donor has been included in this study 
that was not included in the morphometry tests (this donor was missing some data necessary 
for the morphometry study).
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tibia, the levels of denatured collagen were not different then controls. In the femoral head, 
there were indications that the level of denatured collagen may have been higher in regions 
where the cartilage was intact than in areas of complete eburnation. 
Based on our observations we believe that the interaction between the progression of osteo-
arthritis and the properties of the underlying trabecular bone is transient in nature. Early in 
the disease progression, the normal mechanical relation between the subchondral bone and 
overlying cartilage is disturbed (62). As a result, remodeling is stimulated in the underlying 
trabecular bone (57, 94). Increased remodeling activity results in a lower mean age of the 
bone by reducing the time available for passive mineralization of the matrix (12). Thus the 
mean mineralization, and Young’s modulus are reduced in osteoarthritic bone (71, 93, 101, 
126-128). As the disease progresses, the subchondral plate becomes sclerotic. Although the 
matrix quality of this bone is poor (79, 248), the apparent stiffness is increased (Chapter 4). 
This leads to stress shielding of the underlying trabecular bone and local remodeling rates 
return to normal. The regionalization of stress shielding would depend on the mechanics 
of the joint in question and would be different in the femoral head than in the proximal 
femur. Our data suggests that there was stress shielding of the trabecular bone underneath 
the subchondral plate. A previous study of osteoarthritis in the femoral head has provided 
evidence of possible stress shielding in the inferior region of the femoral head in advanced 
osteoarthritics (99, 249).
Obviously, the involvement of bone in osteoarthritic disease progression is complex. Bone re-
modeling in the arthritic joint is likely to be infl uenced by both biological (i.e. growth factors, 
cytokines) and mechanical stimuli (i.e. limb disuse, joint alignment). However, osteoarthritis 
should not be viewed as only a disease of the cartilage, but of the entire affected joint.
Concluding remarks
In the current body of work, we have examined bone quality in its interaction with the apparent 
mechanical properties of trabecular bone. By using microCT to obtain a full three-dimensional 
representation of the structure, we could separately evaluate the infl uence of architecture and 
matrix properties. In osteoarthritis, we found that bone matrix properties were affected early 
in the disease progression. In a study of bisphosphonate treatment, we found that excessive 
suppression of bone remodeling resulted in an increase in the accumulated microdamage 
accompanied with increased mineralization. The increase in mineralization was not associ-
ated with a higher effective matrix modulus. In our study of the Gift of Hope and BIOMED 
donor sample we saw that while architecture was clearly related to the bone volume fraction, 
there were also independent effects of anatomic location and donor. Currently, little is known 
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about the biological processes that control either bone architecture or matrix quality. In the 
future, these processes may provide interesting targets for the management of diseases of the 
skeletal system.
Appendix A: Investigation of the effects of osteoarthritis on tissue 
properties in the GOH data set.
In this sub-study, the tibia data from the GOH data set graded for osteoarthritis using the 
Collins Grade, a visual grading system (197). Briefl y the grading system is as follows:
• Grade 0: no cartilage degeneration or osteophytes
• Grade 1: limited fi brillation of the articular surface
• Grade 2: deep fi brillation and fi ssuring and possible osteophyte formation
• Grade 3: extensive fi brillation fi ssuring with less than 30% eroded to the bone with osteo-
phytes present
• Grade 4: greater than 30% of the articular surface eroded to the bone with gross geometric 
changes including osteophytes
Core samples were prepared from the proximal tibia as described in Chapter 7. The density of 
the calcifi ed tissue was calculated for all of the samples from each donor and then the donor 
averages were calculated by OA grade and reported in Figure 10.2. Donors were grouped 
as indicated in Table 10.1 and a one-way ANOVA was used to compare group means. This 
ANOVA did not reveal any signifi cant differences (p = 0.18).
For the tissue modulus study we used only the 6 samples from the medial side and 6 samples 
from the lateral side (where available). Samples were microCT scanned and then tested 
mechanically. FE models were prepared from the microCT scans and the scaling factor be-
tween microCT and mechanical testing was calculated and designated as the effective tissue 
modulus, as described in Chapter 2. The median values for each donor were calculated for 
both the medial and lateral sides. The donor averages were then calculated and are reported 
in Figure 10.3. These data were analyzed by two-way ANOVA for repeated measures where 
the group (Collins grade) was used as the between-subjects factor and compartment (medial 
vs. lateral) as the within-subjects factor. This analysis revealed that neither compartment (p 
= 0.86), Collins grade (p = 0.372) or interaction between compartment and Collins grade (p 
= 0.267) were signifi cant.
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Figure 10.2: Calcifi ed tissue (matrix) density for donors from the GOH data set by Collins grade 
(mean + SEM).
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Figure 10.3 Calcifi ed tissue modulus for donors from the GOH data set by Collins grade (mean 
+ SEM).
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Appendix B: A sub-study of donors with low bone density
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Figure 10.4: Morphometry-bone mass relations for donors with low bone mass. Five donors 
with low bone density were selected from the GOH data set and the morphometric measures 
were plotted against the bone volume fraction.
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Appendix C: A sub-study of donors with ‘fi ne’ and ‘coarse’ 
structures
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Figure 10.6: Morphometry-bone mass relations for donors with ‘fi ne’ and ‘coarse’ structure. 
Eight donors (4 x 2) with similar bone densities but very different structures were selected from 
the GOH data set. ‘Coarse’ donors had thick plate-like trabecula with wide spacing and ‘fi ne’ 
donors had highly interconnected, thin rod-like trabecula. Here the morphometric variables 
are plotted against the bone volume fraction by group. The donors by group identifi cation 
number, gender and age were: coarse: #27 ♂71, #31 ♂74, #18 ♂38, #34 ♂77 fi ne: #3 ♀51, #1 
♀46, #30 ♂71, #13 ♀72
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Appendix D: Investigation of the relation between matrix 
properties and architecture in the GOH data set.
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Figure 10.8: Calcifi ed tissue density for samples from the proximal tibia (mean ± standard 
deviation). Specimens were dried and defatted before measuring the density of the calcifi ed 
tissue by Archimedes’ principal.
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Figure 10.9: Relation between morphometry and bone volume fraction for donors with extreme 
tissue densities. The three donors with the highest and lowest tissue density were selected 
and plotted on top of the rest of the population. Donors with high tissue density are plotted 
with squares and those with low tissue density are plotted with triangles.
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In this body of work we have examined some of the current concepts pertaining to the relation 
between bone mass, bone quality and the mechanical properties of bone.
In our fi rst series of studies we used a model of human osteoarthritis to investigate the im-
plications of changes in the effective tissue modulus. Having established that the material 
properties of the trabecular bone were altered in the earliest stages of osteoarthritis, we then 
investigated a possible cause, namely the breakdown or denaturation of bone collagen. Our 
original hypothesis was that damage at the micro scale originates at the molecular scale 
and that an assay of denatured collagen would refl ect the fi rst stages of the accumulation of 
microdamage in bone. Although we found a signifi cant increase in the amount of denatured 
collagen in early osteoarthritis, our hypothesis regarding its mechanical origin turned out to 
be unlikely. This points to two alternate possibilities; that either the breakdown of collagen 
was of an enzymatic nature, or that the quality of the original collagen was poor. In the fi nal 
investigation of this series we studied the implications of a reduction of the effective tissue 
modulus in the presence of a normal adaptive bone response. In this study we found that when 
local bone strain was used as the stimulus for the mechanosensory system a reduction of the 
local stiffness of the bone material would result in stiffening of the bone material at the organ 
level. Put in a simpler way, we determined that sclerotic thickening of the subchondral bone 
plate could result in a stiffer plate, even if the bone material was inferior.
In our second series, we investigated the effects of high dose bisphosphonate treatment in 
a canine model. This was part of a larger effort to quantify the effects of bisphosphonates 
on bone quality (150, 164, 250). Our original hypothesis was that, in addition to increasing 
bone mass and architectural quality, bisphosphonate treatment would result in a more mature 
(i.e. highly mineralized) bone matrix. This higher level of mineralization would then result 
in a stiffer material with improved matrix qualities. Again, we were surprised by our results! 
We found that any improvements in the stiffness that we could detect were due to changes 
in bone mass and micro-architecture alone. We also found a large, but expected, increase in 
the amount of microdamage present. It remains to be seen whether a similar accumulation 
of microdamage will occur in humans treated at clinical dosages. As is often the case in 
medicine, there is no easy way to improve the quality of the bone, and when not considered 
carefully, side effects of a treatment could be detrimental to its effi cacy.
In our third series of studies we focused on the contributions of micro-architecture to bone 
mechanics. First we evaluated some of the morphometric tools used to quantify architecture. 
We found that use of the parallel plate model led to volume fraction dependant biases and rec-
ommend that direct three dimensional methods should be used whenever possible. Through 
the BIOMED 1 project and the Gift of Hope Organ and Tissue Donor network (not to mention 
the generosity of the donor’s families and the staff members who collected these specimens) 
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we acquired a unique selection of trabecular bone specimens. We used these specimens to 
quantify how bone architecture varied both between people and locations in the body. First, 
we examined the relation between bone mass and architecture. The general question that we 
asked could be expressed as; “If you have a certain amount of bone, in how many ways is it 
typically arranged?” We quantifi ed the arrangement of this bone using microCT in conjunc-
tion with standard three-dimensional morphometric measures. By using fi nite element models 
of the trabecular structure we could fully characterize the infl uence of microarchitecture on 
mechanics without considering possibly confounding matrix-level effects. In the BIOMED 
dataset we had samples from multiple clinically relevant sites and a wide range of donors. 
This provided an ideal data set to examine the effect of skeletal site. In the GOH dataset we 
had a large number of specimens from a small number of sites and a moderately large number 
of donors (this was particularly true with regards to the proximal tibia). This data set was 
well suited for investigating how the structure of trabecular bone varied between different 
people. In this analysis we found that even after correcting for the amount of bone present 
(BV/TV) there were indeed particular aspects of the architecture that were site specifi c. We 
concluded that this was probably due to differences in the mechanical function of the bone at 
these different sites. We also saw large differences in the bone architecture between people 
with equal bone mass. We could supply a striking visual representation of this by choosing 
4 extreme donors from our data. For these donors, at this anatomic site, it seems that having 
a highly connected bone structure comes at the expense of having thin trabeculae. A small 
supplemental study of these four donors led us, once again, to some surprising results. Al-
though the structure of the bone varied widely between these donors, the relation between the 
amount of bone present and the stiffness in the main loading direction was unaffected. It was 
only in the minor loading directions and in shear that the differences in architecture seemed 
to affect the mechanics. It had been previously demonstrated that including a morphometric 
measure of anisotropy improves the estimation of mechanical properties as opposed to using 
density alone (38, 171, 189). In our supplemental study, the differences that we observed on 
the minor axes as opposed to the main loading axis indicate different levels of mechanical 
anisotropy between these donors. If these differences could be quantifi ed using a measure 
of morphometric anisotropy alone we should have been able to derive a general constitutive 
relation for our population i.e. by using a predictive model based on both bone mass and mor-
phometric anisotropy we should be able to predict the mechanical properties for any donor. 
We tested this hypothesis by evaluating 3 different relations between the morphology and 
the bone’s elastic properties. Although adding anisotropy resulted in strong increases in the 
predictive power of the models, there were still strong site-dependant and donor-dependant 
differences. Unsatisfi ed with this result we decided to extend the one of the current models to 
include additional morphometric parameters. A principal components analysis demonstrated 
the morphology could generally be described by 3 components; one related to bone mass, 
one to connectivity and the last to anisotropy. We found that by including parameters such 
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as trabecular spacing or connectivity density in the model we could improve the prediction 
of the model by about 20% and eliminate much of the residual error that was associated with 
donor and anatomic site. Although the observed improvement in predicting the mechanical 
properties was small, it was suffi cient to validate the concept that microarchitecture does in-
deed infl uence bone mechanics. Concluding this portion of the thesis, we have demonstrated 
that inter-site and inter-individual differences exist in bone quality as measured by trabecular 
micro-architecture and that these differences can be, for a large part, quantifi ed using existing 
morphometric parameters.
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In dit werk hebben we enkele van de huidige concepten onderzocht, welke betrekking hebben 
op de relatie tussen botmassa, botkwaliteit en de mechanische eigenschappen van bot.
In onze eerste serie studies hebben we een model voor humane artrose gebruikt om de im-
plicaties van veranderingen in effectieve weefselmodulus te onderzoeken. Na het vaststellen 
van veranderingen in de materiaaleigenschappen van trabeculair bot in de vroegste stadia 
van artrose, hebben we een mogelijke oorzaak hiervan onderzocht, namelijk de afbraak 
of denaturatie van het collageen in bot. Onze oorspronkelijke hypothese was dat schade 
op micro-niveau onstaat op moleculair niveau en dat een gedenaturiseerd collageen assay 
een weerspiegeling zou zijn van de eerste stadia van accumulatie van microschade in bot. 
Hoewel we bij vroege artrose een signifi cante verhoging van de hoeveelheid gedenaturiseerd 
collageen vonden, bleek onze hypothese betreffende de mechanische oorsprong hiervan 
onwaarschijnlijk. Dit duidt op twee alternatieve mogelijkheden; of de afbraak van collageen 
was van enzymatische aard, of de kwaliteit van het oorsponkelijke collageen was laag. In het 
laatste onderzoek in deze serie hebben we de gevolgen bestudeerd van een verlaging in de ef-
fectieve weefselmodulus bij een normale adaptieve botrespons. In deze studie vonden we dat 
indien de locale rek in bot gebruikt werd als de stimulus voor het mechanosensore systeem, 
een verlaging van de locale stijfheid van het botmateriaal zou resulteren in een verstijving 
van het bot op orgaanniveau. Eenvoudiger verwoord, we hebben bepaald dat sclerotische 
verdikking van de subchondrale botplaat zou kunnen resulteren in een stijvere plaat, zelfs als 
het botmateriaal zelf inferieur (slapper) is.
In onze tweede serie hebben we de effecten van behandeling met hoge doses bisphosphonaten 
onderzocht in een diermodel met honden. Dit werk vormde een onderdeel van een omvangri-
jkere poging om de effecten van bisphosphonaten op de botkwaliteit te kwantifi ceren (150, 
164, 250). Onze oorspronkelijke hypothese was dat behandeling met bisphosphonaten, naast 
het verhogen van de botmassa en van de architecturele kwaliteit, zou resulteren in een meer 
ontwikkelde (d.w.z hoger gemineraliseerde) botmatrix. Dit hogere mineralisatieniveau zou 
dan resulteren in een stijver materiaal met een verbeterde matrixkwaliteit. Opnieuw werden 
we verrast door onze resultaten! We vonden dat elke verbetering in stijfheid die we konden 
detecteren alleen veroorzaakt werd door veranderingen in botmassa en micro-architectuur. 
Verder vonden we een grote, maar verwachte, toename in de hoeveelheid microschade in het 
bot. Het valt nog te bezien of een vergelijkbare accumulatie van microschade zal optreden in 
mensen die behandeld zijn met klinische doses. Zoals zo vaak het geval is in de geneeskunde 
is er geen eenvoudige manier om botkwaliteit te verbeteren en zonder zorgvuldige overweg-
ing kunnen bijeffecten nadelig zijn voor de doeltreffendheid van een behandeling.
In onze derde serie studies hebben we de aandacht gericht op de bijdrage van micro-architec-
tuur aan botmechanica. Allereerst hebben we een aantal morfometrische methoden geëval-
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ueerd die gebruikt worden om architectuur te kwantifi ceren. We vonden dat het gebruik van 
het paralelle-plaat model leidde tot een fout die afhankelijk is van de volumefractie en advi-
seerden om waar mogelijk directe 3-dimensionale methoden te gebruiken. Door het BIOMED 
1 project en het Gift of Hope Organ and Tissue Donor netwerk (en niet te vergeten door de 
edelmoedigheid van de familie van de donoren en de stafl eden die deze specimens verzameld 
hebben) hebben we een unieke set trabeculair bot specimens verkregen. We hebben deze 
specimens gebruikt om te kwantifi ceren hoe botarchitectuur varieerde, zowel tussen mensen 
als tussen verschillende locaties in het lichaam. Eerst hebben we de relatie tussen botmassa 
en architectuur bestudeerd. De algemene vraag die we stelden kan omschreven worden als: 
“Als je een bepaalde hoeveelheid bot hebt, op welke manieren kan het typisch gerangschikt 
worden?” We hebben de rangschikking van dit bot gekwantifi ceerd met microCT door middel 
van standaard 3-dimensionale morfometrische maten. Door eindige elementen modellen van 
de trabeculaire structuur te gebruiken konden we de invloed van microarchitectuur op de 
mechanica volledig karakteriseren zonder rekening te hoeven houden met eventuele ‘con-
founding’ matrix-niveau effecten. In de BIOMED data hadden we samples van verschillende 
klinisch relevante locaties en een groot bereik aan donoren. Dit gaf ons een ideale dataset 
om het effect van locatie in het skelet te bestuderen. In de GOH dataset hadden we een grote 
hoeveelheid praparaten van een klein aantal locaties en van een redelijk grote hoeveelheid 
donoren (dit was speciaal het geval voor de proximale tibia). Deze dataset was goed geschikt 
voor het onderzoeken hoe de structuur van trabeculair bot varieerde tussen verschillende 
mensen. Bij deze analyse vonden we dat zelfs na correctie voor de hoeveelheid bot (BV/TV) 
inderdaad bepaalde aspecten van de architectuur, locatie-specifi ek waren. We concludeerden 
dat dit waarschijnlijk veroorzaakt werd door verschillen in mechanische functie van het bot 
op deze verschillende locaties. We zagen ook grote verschillen in botarchitectuur tussen 
mensen met vergelijkbare botmassa’s. We konden hier een opvallende visuele presentatie 
van geven door vier extreme donoren uit de data te nemen. Voor deze donoren leek het dat 
op deze specifi eke locatie een sterk verbonden botstructuur (hoge connectiviteit) samen gaat 
met het hebben van dunne trabekels. Een kleine aanvullende studie met deze vier donoren 
leidde, opnieuw, tot enkele verrassende conclusies. Hoewel de structuur van het bot sterk 
varieerde tussen deze donoren, bleef de relatie tussen de hoeveelheid bot en de stijfheid in de 
hoofdbelastingsrichting ongewijzigd. Alleen in de overige belastingsrichtingen en in ‘shear’ 
leken de verschillen in architectuur van invloed op de mechanica. Er is eerder aangetoond 
dat het opnemen van een morfometrische maat voor anisotropie de schatting van mecha-
nische eigenschappen verbeterd boven het gebruik van alleen botdichtheid (38, 171, 189). 
De verschillen die we in onze aanvullende studie zagen bij de overige assen, tegengesteld 
aan de hoofdbelastingsrichting, geven verschillende maten van mechanische anisotropie aan 
tussen deze donoren. Als deze verschillen gekwantifi ceerd konden worden door alleen een 
maat voor morfologische anisotropie dan hadden we in staat moeten zijn om een algemene 
wetmatige relatie voor onze populatie te vinden. Oftewel, we zouden met behulp van een 
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voorspellend model gebaseerd op zowel botmassa als morfometrische anisotropie in staat 
moeten zijn om de mechanische eigenschappen voor elke donor te voorspellen. We hebben 
deze hypothese getest door drie verschillende relaties tussen de morfologie en de elastische 
eigenschappen van bot te evalueren. Hoewel het toevoegen van de anisotropie in een sterke 
toename van de voorspellende kracht van de modellen resulteerde, waren er nog steeds sterke 
locatie- en donor-afhankelijke verschillen. Niet tevreden met dit resultaat besloten we één 
van de modellen uit te breiden met additionele morfometrische parameters. Een ‘Principle 
Components’ Analyse liet zien dat morfologie over het algemeen kon worden beschreven 
met drie componenten: Eén gerelateerd aan botmassa, één aan connectiviteit en de laatste 
aan anisotropie. We vonden dat we door de inclusie van parameters als trabeculaire ‘spacing’ 
of connectiviteitsdichtheid in het model, de voorspelling door het model met 20% konden 
verbeteren en veel van de resulterende fout die gerelateerd was aan donor en anatomische 
locatie konden elimineren. Hoewel de waargenomen verbetering in de voorspelling van de 
mechanische eigenschappen klein was, was het voldoende om het concept dat microarchi-
tectuur inderdaad de bot mechanica beïnvloedt te valideren. We kunnen dus concluderen dat 
er inter-locatie en inter-individuele verschillen bestaan in botkwaliteit, zoals gemeten door 
trabeculaire micro-architectuur en dat deze verschillen voor het grootste deel gekwantifi ceerd 
kunnen worden met bestaande morfometrische parameters.
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